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PREFACE 


In  this  text-book,  compiled  at  the  request  of  the  publishers,  a 
rigid  adherence  to  Robert  Simson's  v/ell-known  editions  of 
Euclid's  Elements  has  not  been  observed  ;  but  no  change  has 
been  made  on  Euclid's  sequence  of  propositions,  and  com- 
paratively little  on  his  modes  of  proof.  Here  and  there  useful 
corollaries  and  converses  have  been  inserted,  and  a  few  of 
Simson's  additions  have  been  omitted.  Intimation  of  such 
insertions  and  c-a:-issions  has  been  given,  when  it  was  deemed 
necessary,  in  the  proper  place.  Several  changes,  mostly,  now- 
ever,  of  arrangement,  have  been  made  on  the  deiinitions. 

By  a  slight  alteration  of  the  lettering  or  the  construction  of 
the  figure,  an  attempt  has  been  made  throughout,  and  par- 
ticularly in  the  Second  Book,  to  draw  the  attention  of  the 
reader  to  the  analogy  which  exists  between  certain  pairs  oi 
propositions.     By  Euclid  this  analogy  is  well-nigh  ignored. 

In  the  naming  of  both  congruent  and  similar  figures,  care 
has  been  taken  to  write  the  letters  which  denote  corresponding 
points  in  a  corresponding  order.  This  is  a  matter  of  minor 
importance,  but  it  does  not  deserve  to  be  neglected,  as  is  too 
often  the  case. 

The  deductions  or  exercises  appended  to  the  various  pro- 
positions ('riders,'  as  they  are  sometimes  termed)  have  been 
intentionally  made  easy  and,  in  the  First  Book,  numerous.  It 
is  hoped  that  beginners,  who  have  little  confidence  in  their 
own  reasoning  power,  will  thereby  be  encouraged  to  do  more 
than  merely  learn  the  text  of  Euclid.  It  is  hoped  also  that 
sufficient  provision  has  been  made  for  all  classes  of  beginners, 
Beeing  that  the   questions,  deductions,  and  corollaries  to  be 
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proved  number  considerably  over  fifteen  hundred.  It  should 
be  stated  that  when  a  deduction  is  repeated  once  or  oftener,  in 
the  same  words,  a  different  mode  of  proof  is  expected  in  each 
case. 

In  the  appendices,  much  curtailed  from  considerations  of 
space,  a  few  of  the  more  useful  and  interesting  theorems  of 
elementary  geometry  have  been  given.  It  has  not  been  thought 
expedient  to  introduce  the  signs  +  and  — ,  to  indicate  opposite 
directions  of  measurement.  The  important  advantages  which 
result  from  this  use  of  these  signs  are  readily  apprehende<l  by 
readers  who  advance  beyond  the  'elements,' and  it  is  only  of 
the  'elements'  that  the  present  manual  treats. 

The  historical  notes,  which  are  not  specially  intended  for 
beginners,  may  save  time  and  trouble  to  any  one  who  wishes 
to  investigate  more  fully  certain  of  the  questions  which  occur 
throughout  the  work.  It  would  jterhaps  be  well  if  such  notes 
were  more  frequently  to  be  found  in  mathematical  text-books  : 
the  names  of  those  who  have  extended  the  boundaries,  or 
successfully  cultivated  any  part  of  the  domain,  of  science 
should  not  be  unknown  to  those  who  inherit  the  results  of 
their  labour. 

Though  the  utmost  pains  have  been  taken  by  all  concerned 
in  the  production  of  this  volume  to  make  it  accurate  and 
workmanlike,  a  few  errors  may  have  escaped  notice.  Cor- 
rections of  these  will  be  gratefully  received. 

The  editor  desires  to  express  his  thanks  to  Mr  J.  R.  Pairman 
for  the  excellence  of  the  diagrams,  and  to  Mr  David  Traill, 
M.A.,  B.Sc,  and  Mr  A.  Y.  Fraser,  M.A.,  for  valuable  hints 
while  the  work  was  going  through  the  press. 

Edinburgh  Academy, 
ApHl  188i 
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DEFINITIONS. 
'  1.  A  point  has  position,  but  it  has  no  magnitude. 

A  point  is  indicated  by  a  dot  with  a  letter  attached,  as  the 
point  P.  .  P 

The  dots  employed  to  represent  points  are  not  strictly  geometrical 
points,  for  they  have  some  size,  else  they  could  not  be  seen.  But 
iu  geometry  the  only  thing  connected  with  a  point,  or  its  representa- 
tive a  dot,  which  we  consider,  is  its  position. 

"    2.  A  line  has  position,  and  it  has  length,  but  neither 
breadth  nor  thickness. 

Hence  the  ends  of  a  line   are   points, 
and  the  intersection  of  two  lines  is  a  point. 

A  line  is  indicated  by  a  stroke  with  a  letter  attached,  as  the 
line  C  C 

Oftener,  however,  a  letter  is  placed  at  each  end  of  the  line,  as 
the  line  AB.  A B 

The  strokes,  whether  of  pen  or  pencil,  employed  to  represent  lines, 
are  not  strictly  geometrical  lines,  for  they  have  some  breadth  and 
some  thickness.  But  in  geometry  the  only  things  connected  with  a 
line  which  we  consider,  are  its  position  and  its  length. 

'  3.  If  two  lines  are  such  that  they  cannot  coincide  in  any 
two  points  without  coinciding  altogether,  each  of  them  is 
called  a  straight  line. 

Hence  two  straight  lines  cannot  inclose  a  space,  nor  can  they 
have  any  part  in  common.  ^ 

Thus  the  two  lines  ABC  and  ABD,  y^ 

which  have  the  part  .<45  in  common,  y^ 

cannot  both  be  straight  lines.  .  y^  q 

Euclid's  definition  of  a  straight  line  ^ 

is  '  that  which  lies  evenly  to  the  points  within  itself.' 
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~"    4.  A  curved  line,  or  a  curve,  is  a  line  of  wliich  no  Dart 
is  straight.  B 

Thus  ABC  is  a  curve. 

5.  A  surface  (or  superficies)  has  position,  and  it  has 
length  and  In-eadth,  but  not  thickness. 

Hence  the  bound- 
aries of  a  surface, 
and  the  intersection 
of  two  surfaces,  are 
lines.  Thus  AB, 
ACB,  and  DE  are 
lines. 

6.  A  plane  surface  (or  a  plane)  is  such  that  if  any  two 
points  whatever  be  taken  on  it,  the  straight  line  joining 
them  lies  wholly  in  that  surface. 

This  definition  (which  is  not  Euclid's,  but  is  due  to  Heron  of 
Alexandria)  aifords  the  practical  test  by  which  we  ascertain  whether 
a  given  surface  is  a  plane  or  not.  We  take  a  piece  of  wood  or  iron 
with  one  of  its  edges  straight,  and  apply  this  edge  in  various 
positions  to  the  surface.  If  the  straight  edge  fits  closely  to  the 
surface  in  every  position,  we  conclude  that  the  surface  is  plane. 

7.  "Wlien  two  straight  lines  are  drawn  from  the  same 
point,  they  are  said  to  contain  a  plane  angle.  The  straight 
l)n«s  are  called  the  arms  of  the  angle,  and  the  point  is 
called  the  vertex. 

Thus  the  straight  lines  AB,  AC  drawn 
from  A  are  said  to  contain  the  angle 
BA C  ;  AB  and  A C  are  the  arms  of  the 
angle,  and  A  is  the  vertex. 

An  angle  is  sometimes  denoted  by 
three  letters,  but  these  letters  must  be 
j)laced  so  that  the  one  at  the  vertex  shall  always  be  between  the 
other  two.  Thus  the  given  angle  is  called  BAC  or  CAB,  never 
ABC,  ACB,  CBA,  BCA.  When  only  one  angle  is  formed  at  a 
vertex  it  is  often  denoted  by  a  single  letter,  that  letter,  namely,  at 
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the  vertex.  Thus  the  given  angle  may  be  called  the  angle  A. 
when  there  are  several  angles  at  the 
same  vertex,  it  is  necessary,  in  order  to 
avoid  ambiguity,  to  use  three  letters  to 
express  the  angle  intended.  Thus,  in  the 
annexed  figure,  there  are  three  angles  at 
the  vertex  A,  namely,  BAC,  CAD,  BAD. 
Sometimes  the  arms  of  an  an  trie  have 


several  letters  attached  to  them 
denoted  in  various  ways. 


in  which  case  ihe  angle  may  be 


Fig.  1. 


Fig.  2. 


F  G 

D'  VE 

Thus  the  angle  F  (fig.  1)  may  be  called  AFC  or  BFC  indifferently  f 
the  angle  G  (fig.  2)  may  be  called  AGB  or  CGB ;  the  angle  A 
(fig.  3)  may  be  called  BAC,  FAG,  DAE,  FAC,  GAB,  and  so  on. 

It  is  important  to  observe  that  ail  these  ways  of  denoting  any 
particular  angle  do  not  alter  the  angle  ;  for  example,  the  angle  BAG 
(fig.  3)  is  not  made  any  larger  by  calling  it  the  angle  FAG,  or  tlie 
angle  DAE.  In  other  words,  the  size  of  an  angle  does  not  depend 
on  the  length  of  its  arms  ;  and  hence,  if  the  two  arms  of  one  angle 
are  respectively  equal  to  the  two  arms  of  another  angle,  the  angles 
themselves  are  not  necessarily  equal. 


As  a  further  illustration,  the  angles  A,  B,  C  with  unequal  arms 
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are  all  equal ;  of  the  angles  D,  E,  F,  that  with  the  shortest  arms  is 
the  largest,  and  that  with  the  longest  arms  is  the  smallest. 

8.  If  three  straight  lines  are  drawn  from  the  same  point, 
three   different    angles    are    formed. 
Tlius  AB,  A  C,  AD,  drawn  from  A, 
form   the  three  angles  BAC,  CAD, 
BAD. 

The  angles  BAG,  CAD,  which 
have  a  common  arm  AC,  and  lie  on 
opposite  sides  of  it,  are  called  adjacent  angles;  and  the 
angle  BAD,  which  is  equal  to  angle  BAC  and  angle  CAD 
added  together,  is  called  the  sum  of  the  angles  BAC  and 
CAD.  Since  the  angle  BAD  is  obtained  by  adding  togetlier 
the  two  angles  BAC  and  CAD,  the  angle  CAD  will  be 
obtained  by  subtracting  the  angle  BAC  from  the  angle 
BAD;  and  similarly  the  angle  5^ C  will  be  obtained  by 
subtracting  the  angle  CAD  from  the  angle  BAD.  Hence  the 
angle  CAD  is  called  the  difference  of  the  angles  BAD  and 
BAC ;  and  the  angle  BAC  is  called  the  difference  of  the 
angles  BAD  and  CAD. 

9.  The  bisector  of  an  angle  is  the  straight  line  that 
divides  it  into  two  equal  angles. 

Thus  (see  preceding  fig.),  if  angle  BAC  is  equal  to  angle  CAD, 
AC  is  called  the  bisector  of  angle  BAD. 

The  word  bisect,  in  Mathematics,  means  always,  to  cut  into  two 
equal  parts. 

10.  When   a   straight    line    stands    on 

another    straight    line,    and    makes    the 

adjacent  angles  equal  to  each  other,  each 

of  the  angles  is  called  a  right  angle ;  and 

the  straight  line  which  stands  on  the  other 

is  called  a  perpendicular  to  it. 

o  B  r 

Thus,  a  AB  stands  on  CD  in  such  a  manner 

that  the  adjacent  angles  A  BC,  A  BD  are  equal  to  one  another,  then 
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these  angles  are  called  right  angles,  and  AB  is  said  to  be  perpen- 
dicular to  CD. 

11.  An  obtuse  angle  is  one  which  is  greater  than  a  right 
angle. 
Thus  A  is  an  obtuse  angle. 


A 

12.  An  acute  angle  is  one  which  is  less  than  a  right 
angle. 

Thus  B  is  an  acute  angle. 


13.  When  two  straight  lines  intersect  each  other,  tlic 
opposite  angles  are  called  vertically  opposite  angles. 

Thus  AEC  and  BED  are  vertically 
opposite  angles  ;  and  so  are  AED  and 
BEG. 

14.  Parallel    straight    lines 
same  plane,  and  being  produced 
ever  so  far   both  ways  do  not 
meet. 

Thus  AB  and   CD  are  parallel 
straight  lines.  p 

If  a  straight  line  EF  intersect  two  parallel  straight  lines  AB,  CD, 
the  angles  AGH,  GHD  are  called  alternate  angles,  and  so  are 
angles  BGH,  GHG ;  angles  AGE,  BGE,  CHF,  DHF  are  called 
exterior  angles,  and  the  interior  opposite  angles  corresponding  to 
these  are  CHG,  DUG,  AGH,  BGH.  ^ 

15.  A  figure  is  that  which  is  inclosed  by  one  or  more 
boundaries ;  and  a  plane  figure  is  one  bounded  by  a  line 
or  lines  drawn  upon  a  plane. 

The  space  contained  within  the  boundary  of  a  plane 
figure  is  called  its  surface ;  and  its  surface  in  reference  to 
that  of  another  figure,  with  which  it  is  compared,  is  called 
its  area. 
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The  word  .figure,  as  here  defined,  is  restricted  to  closed  figures 
Thus  ABC,  DEFG,  ^  q 

according  to  the 
definition,  would 
not  be  figures.  The 
word    is,    however, 

very     frequently  ^  C  E  F 

used  in  a  wider  sense  to  mean  any  combination  of  points,  lines,  or 
surfaces. 

16.  A  circle  is  a  plane  figure  contained  by  one  (curved) 
line  which  is  called  the  circumference,  and  is  such  that  all 
straight  lines  drawn  from  a  certain  point  within  the  figure 
to  the  circumference  are  equal  to  one  another.  This  point 
is  called  the  centre  of  the  circle. 

Thus  ABCDEFG  is  a  circle,  if  all  the  straight  lines  which  can 
be  drawn  from  0  to  the  circumference, 
such  as    OA,  OB,  OC,  &c.,  are  equal 
to  one  another ;    and  0  is  the  centre 
of  the  circle. 

Strictly  speaking,  a  circle  is  an 
inclosed  space  or  surface,  and  the  cir- 
cumference is  the  line  which  incloses 
it.  Frequently,  however,  the  word 
circle  is  employed  instead  of  circumfer- 
ence. ^__— 

It  is  usual  to  denote  a  circle  by  three  ^ 

letters  placed  at  jioints  on  its  circumference.     The  reason  for  this 
will  appear  later  on. 

17.  A  radius  (plural,  radii)  of  a  circle  is  a  straight  line 
drawn  from  the  centre  to  the  circumference. 

Thus  OA,  OB,  OC,  &c.  are  radii  of  the  circle  ACF. 

18.  A  diameter  of  a  circle  is  a  straight  line  drawn 
through  the  centre,  and  terminated  both  ways  by  the  cir- 
cumference. 

Thus  in  the  preceding  figure  BF  La  >  diAmeter  of  the  circle 
ACF. 
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RECTILINEAL    FIGURES. 

19.  Rectilineal  figures  are  those  which  are  contained  by 
straight  lines. 

The  straight  lines  are  called  sides,  and  the  sum  of  all  the 
sides  is  called  the  perimeter  of  the  figure. 

20.  Eectilineal  figures  contained  by  three  sides  are  called 
triangles. 

21.  Rectilineal  figures  contained  by  four  sides  are  called 
quadrilaterals. 

22.  Rectilineal  figures  contained  by  more  than  four  sides 
are  called  polygons. 

Sometimes  the  word  polygon  is  used  to  denote  a  rectilineal  figure 
of  any  number  of  sides,  the  triangle  and  the  quadrilateral  being 
included. 

CLASSIFICATION    OF    TRIANGLES. 

First,  according  to  their  sides — 

23.  An  equilateral  triangle  is  one  that 
has  three  equal  sides. 

Thus,  if  AB,  BC,  CA  are  all  equal,  the  triangle 
^45C  is  equilateral.  '^ 

24.  An  isosceles  triangle  is  one  that  has  two 
equal  sides. 

Thus,  if  AB  is  equal  to  AC,  the  triangle  ABG  is 
isosceles. 

A 

25.  A  scalene  triangle  is  one  that  has 
three  unequal  sides. 

Thus,  if  AB,  BC,  CA  are  all  wecjual,  the 
triftogle  ABG  is  scaleof,  ^ 
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Second,  according  to  their  angles — 

26.  A  right-angled    triangle    is   one   that 
has  a  right  angle. 

Thus,  if  ABC  is  a  right  angle,  the  triangle  ABC 
is  right-angled.  g 

27.  An  obtuse-angled  triangle  is  one  that  has  an  obtuse 
angle.  ■*■> 

Thus,  if  ABC  is  an  obtuse  angle,  the 
triangle  A  BC  is  obtuse-angled. 

28.  An  acute>angled  triangle  is  one  that  has  three  acute 
angles.  A 

Thus,  if  angles  A,  B,  C  are  each  of  them 
acute,  the  triangle  ABC  is  acute-angled. 

29.  Any  side  of  a  triangle  may  be  called  the  base.  In 
an  isosceles  triangle,  the  side  which  is  neither  of  the  equal 
sides  is  usually  called  the  base.  In  a  right-angled  triangle, 
one  of  the  sides  which  contain  the  right  angle  is  often  called 
the  base,  and  the  other  the  perpendicular ;  the  side  opposite 
the  right  angle  is  called  the  hypotenuse. 

Any  of  the  angrdar  points  of  a  triangle  may  be  called  a 
vertex.  If  one  of  the  sides  of  a  triangle  has  been  called  the 
base,  the  angular  point  opposite  that  side  is  usually  called 
the  vertex. 

Thus,  if  BC  is  called  the  base  of  a  triangle  ABC,  A  is  the  vertex. 

30.  If  the  sides  of  a  triangle  be  prolonged  both  ways, 
nine  angles  are  formed  in  addition  to  the  angles  of  the 
triangle.  ^ 


Book   I.]  DEFINITIONS.  9 

Thus  at  the  point  A  there  are  the  angles  CAH,  HAF,  FAB; 
at  B,  the  angles  ABG,  GBD, 
BBC;     at     C,    the     angles  F 

BOK,  KGE,  EGA. 

Of  these  nine,  six  only 
are  called  exterior  angles, 
the  three  which  are  not 
so  called  being  HAF, 
GBD,  KCE.  Angles  G 
ABC,  BCA,  CAB  are 
sometimes  called  the 
interior  angles  of  the  triangle. 


CLASSIFICATION   OF   QUADRILATERALS. 

31.  A  rhoinljus  is  a  quadrilateral  that  has  all  its 
equal. 


Thufl,  HAB,  BG,  CD,  DA  are  all  equal, 
the  quadrilateral  ABGD  is  a  rhombus. 
The  rhombus  A  BCD  is  sometimes  named 
by  two  letters  placed  at  opposite  corners, 
as  AGov  BD. 

Euclid     defines    a    rhombus     to    be     'a^' 
quadrilateral  that  has  all  its  sides  equal,  but  its  angles  not 
angles.' 


right 


32.  A  square  is  a  quadrilateral  that  has  aU  its  sides 
equal,  and  all  its  angles  right  angles. 

Thus,  if  AB,  BC,  CD,  DA  are  all  equal, 
and  the  angles  A,  B,  G,  D  right  angles,  the 
quadrilateral  ABGD  is  a  square.  The  square 
ABGD  is  sometimes  named  by  two  letters 
placed  at  opposite  corners,  as  AG  or  BDj 
and  it  is  said  to  be  described  on  any  one  of  ^ 
its  four  sides. 
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33.  A   parallelogram  is  a  quadrilateral  whose   opposite 
sides  are  parallel. 

Thus,  if  AB  is  parallel  to  CD,  and  AD  parallel  to  BC,  the  quad- 
I'ilateral  ABCD  is  a  iiarallelogram. 
The  parallelogram  ABCD  is  some- 
times named  by  two  letters  placed 
at  opposite  corners,  as  .4  0  or  BD  ; 
and  any  one  of  its  four  sides  may  be 
called  the  base  on  which  it  stands.     B^ 


34.  A  rectangle  is  a  quadrilateral  whose  opposite  sides 
are  parallel,  and  whose  angles  are  right  angles. 

Thus,  if  AB  is  parallel  to  CD,  AD  A| iD 

parallel  to  BC,  and  the  angles  A,  B,  C,  D 

right  angles,  the  quadrilateral  ABCD  is 

a   rectangle.     The   rectangle    ABCD  is 

sometimes  named  by  two  letters  placed 

at  op2)osite  corners,  as  AC  ov  BD.     In  B 

books  on   mensuration,   BC  and  AB  would  be  called  the  length 

and  the   breadth    of   the   rectangle.     The  definitions   of   a   square 

and  a  rectangle  are  somewhat    redundant — that   is,    more   is   said 

about   a    square    and    a    rectangle    than    is    absolutely    necessar' 

to  distinguish  them   from  other  quadrilaterals.     This  will  be  sf 

later  on. 

35.  A  trapezium  is  a  quadrilateral  that  has  two  sides 
parallel. 

Thus,  if  ^Z)  is  parallel 
to  BC,  the  quadrilateral 
ABCD  is  a  trapezium. 
The  word  trapezoid  is  some- 
times used  instead  of  t'-a-  B 
pezium. 

36.  A  diagonal  of  a  quadri- 
lateral is  a  straight  line  joining 
any  two  opposite  corners. 

Thus  AC  and  BD  are  diagonals 
Ot  tbo  quadrilateral  ABCD* 
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POSTULATES. 

Let  it  be  granted  : 

L  That  a  straight  line  maj^  be  drawn  from  any  one  point 
to  any  other  point. 

2.  That  a  terminated  straight  line  may  be  produced  to 
any  length  either  way. 

3.  That  a  circle  may  be  described  with  any  centre,  and 
at  any  distance  from  that  centre. 

The  three  postulates  may  be  considered  as  stating  the  only 
instruments  we  are  allowed  to  use  in  elementary  geometry.  These 
ai-e  the  rulei-  or  straight-edge,  for  drawing  straight  Unes,  and  the 
compasses,  for  describing  circles.  The  ruler  is  not  to  be  divided  at 
its  edge  (or  graduated),  so  as  to  enable  us  to  measure  off  particular 
lengths ;  and  the  compasses  are  to  be  employed  in  describing 
circles  only  when  the  centre  of  the  circle  is  at  one  given  point,  and 
the  circumference  must  pass  through  another  given  point.  Neither 
ruler  nor  compasses  can  be  used  to  carry  distances. 

If  two  points  A  and  B  are  given,  and  we  wish  to  draw  a  straight 
line  from  A  to  B,  it  is  usual  to  say  simply  'join  AB.'  To  produce 
a  straight  line,  means  not  to  make  a'  straight  hue  when  there  is 
none,  but  when  there  is  a  straight  line  already,  to  make  it  longer. 
The  third  postulate  is  sometimes  expressed,  'a  circle  may  be 
described  with  any  centre  and  any  radius.'  That,  however,  is  not 
to  be  taken  as  meaning  with  a  radius  equal  to  any  given  straight 
line,  but  only  with  a  radius  equal  to  any  given  straight  line  drawn 
from  the  centre. 

[The  restrictions  imposed  on  the  use  of  the  ruler  and  the  com- 
passes, somewhat  inconsistently  on  Euclid's  part,  are  never 
adhered  to  in  practice.] 


AXIOMS. 

1.  Things  which  are  equal  to  the  same  thing  are  equal 
to  one  another. 

2.  If  equals  be  added  to  equals,  the  sums  are  equal. 

3.  If  equals  be  taken  from  equals,  the  remainders  are 
equal 
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4.  If  equals  be  added  to  unequals,  the  suing  are 
unequal,  the  greater  sum  being  obtained  from  the  greater 
unequal. 

5.  If  equals  be  taken  from  unequals,  the  remainders  are 
unequal,  the  greater  remainder  being  obtained  from  the 
greater  unequal. 

6.  Things  which  are  doubles  of  the  same  thing  are  equal 
to  one  another. 

7.  Things  which  are  halves  of  the  same  thing  are  equal 
to  one  another. 

8.  The  whole  is  greater  than  its  part,  and  equal  to  the 
sum  of  all  its  parts. 

9.  Magnitudes  which  coincide  with  one  another  are  equal 
to  one  another. 

10.  All  right  angles  are  equal  to  one  another. 

11.  Two  straight  lines  which  intersect  one  another  cannot 
be  both  parallel  to  the  same  straight  line. 

An  axiom  is  a  self-evident  truth,  or  it  is  a  statement  the  tmth 
of  which  is  admitted  at  once  and  withoufr  demonstration.  Some 
of  Euclid's  axioms  are  general— that  is,  they  apply  to  magnitudes  of 
all  kinds,  and  not  to  geometrical  magnitudes  only.  The  first  axiom, 
which  says  that  things  which  are  equal  to  the  same  thing  are  equal 
to  one  another,  applies  not  only  to  lines,  angles,  surfaces,  and  solids, 
but  also,  for  example,  to  numbers,  which  are  arithmetical,  and  to 
forces,  which  are  physical,  magnitudes.  It  will  be  seen  that  the 
first  eight  axioms  are  general,  and  that  the  last  three  are 
geometrical. 

It  ought,  perhaps,  to  be  noted  that  some  of  the  axioms  are  often 
applied,  not  in  the  general  form  in  which  they  are  stated,  but  in 
particular  cases  that  come  under  the  general  form.  For  example, 
under  the  general  form  of  Axiom  2  would  come  two  particular  cases : 
If  equals  be  added  to  the  same  thing,  the  sums  are  equal ;  and  If 
the  same  thing  be  added  to  equals,  the  sums  are  equal.  Again,  a 
particular  case  coming  under  the  general  form  of  Axiom  4  would 
be  :  If  the  same  thing  be  added  to  unequals,  the  sums  are  unequal, 
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the  greater  sum  being  obtained  from  the  greater  unequal.  Axioms 
6  and  7,  on  the  other  hand,  are  only  particular  cases  of  more  general 
ones — namely,  Things  which  are  double  of  equals  are  equal,  and 
Things  which  are  halves  of  equals  are  equal ;  an<l  these  axioms 
again  are  only  particular  cases  of  still  more  general  ones :  Similar 
multiples  of  equals  (or  of  the  same  thing)  are  equal,  and  Similar 
fractions  of  equals  (or  of  the  same  thing)  are  equal. 

Axiom  9  is  often  called  Euclid's  definition  or  test  of  equality  ; 
and  the  method  of  ascertaining  whether  two  magnitudes  are  equal 
by  seeing  whether  they  coincide — that  is,  by  mentally  applying  the 
one  to  the  other,  is  called  the  method  of  superposition.  Two 
tnagnitudes  (for  example,  two  triangles)  which  coincide  are  said  to 
be  congruent;  and  this  word,  if  it  is  thought  desirable,  may  be 
used  instead  of  the  phrase,  '  equal  in  every  respect.'  Axiom  10  is, 
strictly  speaking,  a  proposition  capable  of  proof.  The  proof  is  not 
given  here,  as  at  this  stage  it  would  perhaps  not  be  fully  appreciated 
by  the  pupU.  After  he  has  read  and  understood  the  definitions 
of  the  third  book,  he  will  probably  be  able  to  prove  it  for  himself. 
Axiom  11,  frequently  referred  to  as  Playfair's  axiom  (though 
Playfair  states  that  it  is  assumed  by  others,  particularly  bv  Ludlam 
in  his  Rudiments  of  Mathematics),  has  been  substituted  for  that 
given  by  Euclid,  which  is  proved  as  a  corollary  to  Proposition  29. 


QUESTIONS   ON   THE   DEFINITIONS,    POSTULATES,    AXIOMS. 

1.  How  do  we  indicate  a  point  ? 

2.  What  is  the  only  thing  that  a  point  has  ?     WTiat  has  it  not  ? 

3.  Could  a  number  of  geometrical  points  placed  close  to  one  another 

form  a  line  ?    Why  ? 

4.  Draw  two  Hnes  intersecting  each  other  in  two  points. 

5.  Could  two  straight  lines  be  drawn  intersecting  each  other  in 

two  points  ? 

6.  What  is  Euclid's  definition  of  a  'straight'  line? 

7.  Could  a  number  of  geometrical  lines  placed  close  to  one  another 

form  a  surface  ?     Why  ? 

8.  When  two  points  are  taken  on  a  plane  surface,  and  a  straight 

line  is  drawn  from    the   one  to  the   other,  where  will  the 
straight  line  lie  ? 

9.  If  a  straight  line  is  drawn  on  a  plane  surface  and  then  produced, 

where  will  the  produced  part  lie  ? 
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10.  Would  it  be  possible  to  draw  a  straight  line  upon  a  surface  that 

was  not  plane  ?     If  so,  give  an  example. 

11.  How  many  arms  has  an  angle  ? 

12.  What  name  is  given  to  the  point  where  the  arms  meet  ? 

13.  When  an  angle  is  denoted  by  three  letters,  may  the  letters  be 

arranged  in  any  order  ? 

14.  If  not,  in  how  many  ways  may  they  be  arranged,  and  what 

precaution  must  be  observed  ?  • 

15.  When  is  it  necessary  to  name  an  angU 

by  three  letters  ? 

16.  How  else  may  an  angle  be  named  ? 

17.  OA,  OB,  OC  are  three   straight  lines 

which  meet  at  0.  Name  the  three 
angles  which  they  form. 

18.  Name  the  angle  contained  by  OA  and 

0£  ;  by  OB  and  OG ;  by  OC  and  OA. 

19.  OA,    OB,   OG,   OD  are   four    straight 

lines  which  meet  at  O.  Name  the 
SIX  angles  which  they  form. 

20.  Name  the  angle  contained  by  OA  and 

OB;  by  OB  and  OC ;  by  OG  and 
OD;  by  OA  and  OG ;  by  OB  and 
OD  ;  by  OA  and  OD. 

21.  Write  down  all  the  ways  in  which  the  angle 

A  can  be  named. 

22.  If  the  arms  of  one  angle  are  respectively 

equal  to  the  arms  of  another  angle, 
what' inference  can  we  draw  regarding 
the  sizes  of  the  angles  ? 

23.  In  the  figure  to  Question  17,  if  the  angles 

A  OB  and  BOG  are  added  together,  what 
angle  do  they  form  ? 

24.  In  the  same  figure,  if  the  angle  AOB  is  taken  away  from  the 

angle  A  OG,  what  angle  is  left  ? 

25.  la  the  same  figure,  if  the  angle  BOG  is  taken  away  fronj  the 

angle  AOC,  what  angle  is  left  ? 

26.  The  following  questions  refer  to  the  figure  to  Question  19  : 

(a)  Add  to/gether  the  angles  AuB  and  BOG;  AOB  a,ud  BOD : 

^OC  and  GOD  ;  BOG  and  GOD. 
(6)  From  the  angle  AOD  subtract  successively  the  angles  COD, 

AOB,  AOC,  BOD. 
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(c)  From  the  angle  BOD  subtract  the  angles  COD,  BOO. 

(d)  To  the  sum  of  the  angles  AOB  aud  BOC  add  the  difference 

of  the  angles  BOD  and  BOC ;  and  from  the  sum  of  A  OB 
and  BOC  subtract  the  difference  of  BOD  and  COD. 

27.  Draw,  as  well  as  you  can,  two  equal  angles  with  unequal  arms. 

28.  M  II  two  unequal         n  equal         n 

29.  If  two  adjacent  angles  are  equal,  must  they  necessarily  be  right 

angles  ?     Draw  a  figure  to  illustrate  your  answer. 

30.  If  two  adjacent  angles  are  equal,  what  name  could  be  given  to 

the  arm  that  is  common  to  the  two  angles  ? 

31.  When  an  angle  is  greater  than  a  right  angle,  what  is  it  called? 
•32.  II  less  II  II 

vJ3.  ti  eqiial  to  n  ii 

34.  In    the     accompanying    figure, 

name  two  right  angles,  two 
acute  angles,  and  one  obtuse 
angle. 

35.  What   are    angles   AEC,   AED 

called  with  reference  to  each 
other?  angles  AEC,  BED? 
angles  AEC,  BEC  ?  angles 
BEC,  AED?  angles  BEC, 
BED? 

36.  Would  it  be  a  sufficient  defini- 

tion of  parallel  straight  lines 
to  say  that  they  never  meet  though  produced  indefinitely 
far  either  way  ?  Illustrate  your  answer  by  reference  to  the 
edges  of  a  book,  or  otherwise. 

37.  Draw  three  straight  lines,  every  two  of  which  are  parallel. 

38.  Draw  three  straight  lines,  only  two  of  which  are  parallel. 

39.  Draw  three  straight  lines,  no  two  of  which  are  parallel. 

40.  What  is  the  least  number  of  lines  that  will  inclose  a  space  I 

Illustrate  your  answer  by  an  example. 

41.  How  many  radii  of  a  circle  are  equal  to  one  diameter? 

42.  How  do  we  know  that  all  radii  of  a  circle  are  equal  ? 

43.  Prove  that  all  diameters  of  a  circle  are  equal. 

44.  Are  all  lines  drawn  from  the  centre  of  a  circle  to  the  circum- 

ference equal  to  one  another  ? 

45.  What    is    the    distinction    between    a   circle    and    a    circum- 

ference ? 

46.  Is  the  one  word  ever  used  for  the  other  ? 


16 


EUCLID  S   ELEMENTS. 


[Book  t 


Name  it  in  five  other 


47.  How  many  letters  are  generally  used  to  denote  a  circle  ? 

48.  Would  it  be  a  sufficient  definition  of  a  diameter  of  a  circle  ta 

say  that  it  consists  of  two  radii? 

49.  Prove  that  the  distance  of  a  point  inside  a  circle  from  the  centre 

is  less  than  a  radius  of  the  circle. 

50.  Prove  that  the  distance  of  a  point  outside  a  circle  from  the 

centre  is  greater  than  a  radius  of  the  circle. 
Si.  What  is  the  least  number  of  straight  lines  that  will  inclose  a 
space? 

52.  What  name  is  given  to  figures  that  are  contained  by  straight 

lines  ? 

53.  Could  three  straight  lines  be  drawn  so  that,  even  if  they  were 

produced,  they  would  not  inclose  a  sj^ace  ? 

54.  What  is  the  least  number  of  sides  that  a  rectilineal  figure  can 

have? 

55.  ABC  is  a  triangle. 

ways. 

56.  If  ^6  is  equal  to  AC,  what  is  triangle  ABC 

called  ? 

57.  If  AB,   BC,   CA    are    aU    equal,   what   is 

triangle  ^^C  called? 

58.  If  AB,    BC,   CA    are    all    unequal,   what    is    triangle    ABG 

called  ? 

59.  What  name  is  given  to  the  sum  of  AB,  BC,  and  CA  ? 

60.  Which  side  of  a  triangle  is  called  the  base  ? 

61.  Which  side  of  an  isosceles  triaugle  is  called  the  base  ? 

62.  When  the  hypotenuse  of  a  triangle  is  mentioned,  of  what  sort 

must  the  triangle  be  ? 

63.  What   names  are  sometimes  given  to  those  sides  of  a  right- 

angled  triangle  which  contain  the  right  angle  ? 

64.  Would  it  be  a  sufficient  definition  of  an  acute-angled  triangle  to 

say  that  it  had  neither  a  right  nor  an  obtuse  angle  ? 

65.  ABC  is  a  triangle.     Name  by  one  letter 

the    angles    respectively   opposite   to 
the  sides  AB,  BC,  CA. 

66.  Name  by  three  letters  the  angles  respec- 

tively opposite  to  the  sides  AB,  BC, 
CA. 

67.  Name  the  sides  respectively  opposite  to  the  angles  A,  B,  C. 

68.  Name  by  one  letter  and  by  three  letters  the  angle  ^contained  by 

AB  and  AC;  by  AB  and  BC ;  by  AC  and  BC. 
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69.  Name  all  the  triangles  in  the  accompanying  figure. 

70.  Name   the    additional    triangles    that 

would    be    formed    if    AD    were 
joined. 

71.  Name  by  three  letters  all  the  angles 

opposite  to  BC;  to  BE;  to  CK 

72.  Name  all  the  sides  that  are  opposite 

to  angle  A;  to  angle  D. 

73.  Name  all  the  angles  in  the  figure  that 

are   called    exterior    angles   of  the     ^  ^ 

triangle  BEC ;  of  the  triangle  AEB  ;  of  the  triangle  CED. 

74.  A  BCD  is  a  quadrilateral.     Name  it  in  seven  other  ways. 

75.  If  the  diagonals  AC,  BD  be 

drawn,  and  E  be  their  point 
of  intersection,  how  many 
triangles  will  there  be  in  the 
diagram  ?    Name  them. 

76.  Nams  the  two  angles  opposite  to  the  diagonal  AO. 

77.  I.  n  -  BD. 

78.  II  through  which  the  diagonal  .4  C  passes. 

79.  .1  M  I.  "  BD      I. 

80.  Could  a  square,  with  propriety,  be  called  a  rhombus  ? 

81.  Could  a  rhombus  be  called  a  square  ? 

82.  Could  a  rectangle  be  called  a  parallelogram? 

83.  Could  a  parallelogram  be  called  a  rectangle  ? 

84.  Would  it  be  a  sutficient  definition  of  a  parallelogram  to  say  that 

it  is  a  figure  whose  opposite  sides  are  parallel  ?     Why  ? 

85.  Could  a  parallelogram  or  a  rectangle  be  called  a  trapezium  ? 

86.  Could  a  trapezium  be  called  a  parallelogram  or  a  rectangle  ? 

87.  What  is  a  diagonal  of  a  quadrilateral,  and  how  many  diagonals 

has  a  quadrilateral  ? 

88.  How  many  sides  has  a  polygon  ? 

89.  Which  postulate  allows  us  to  join  two  points  ? 

90.  II  II  produce  a  straight  line  ? 

91.  II  II  describe  a  circle  ? 

92.  In  what  sense  is  the  word  'circle  '  used  in  the  third  postulate? 

93.  What  are  the  only  instruments  that  may  be  used  in  elementary 

plane  geometry  ?     Under  what  restrictions  are  they  to  be 
used? 

94.  What  is  an  axiom  ?    Give  an  example  of  one. 

95.  State  Euchd's  axiom  about  magnitudes  which  coincida 
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96.  Would  it  be  correct  to  say,  magnitudes  which  fill  the  same  space, 
instead  of  magnitudes  which  coincide  ?  Illustrate  your  answer 
by  reference  to  straight  lines,  and  angles. 

9".  What  is  Euclid's  axiom  about  right  angles  ? 

98.  What  is  the  axiom  about  parallels  ? 

99.  Would   it   be   correct   to   say,    two   straight   lines   which   pass 

through  the  same  point  cannot  be  both  parallel  to  the  same 
straight  line  ? 

100.  Could  two  straight  lines  which  do  not  pass  through  the  same 

point  be  both  p-'.rallel  to  a  third  straight  line  ? 


EXPLANATION  OF  TERMS. 

Proposition*  are  aivided  intp  two  classes,  theorems  and  problems. 

A  tlieor«m  is  a  truth  that  requires  to  be  proved  by  means  of  other 
truths  already  known.  The  truths  already  known  are  either  axioms 
or  theorems. 

A  problem  is  a  construction  which  is  to  be  made  by  means  of 
ceHain  instruments.  The  instruments  allowed  to  be  used  are  (see 
the  remarks  on  the  postulates)  the  ruler  and  the  compasses. 

A  corollary  is  a  truth  which  is  (more  or  less)  easily  inferred  from 
"^  ijroposition. 

in  the  statement  of  a  theorem  there  are  two  parts,  the  hypothesis 
and  the  conclusion.  Thus,  in  the  theorem,  '  If  two  sides  of  a  tri- 
.  angle  be  equal,  the  angles  opposite  to  them  shall  be  equal,'  the  part, 
'  if  two  sides  of  a  triangle  be  equal,'  is  the  hypothesis,  or  that  which 
is  assumed  ;  the  other  part,  '  the  angles  opposite  to  them  shall  be 
equal,'  is  the  conclusion,  or  that  which  is  inferred  from  the  hyjjo- 
thesis. 

The  converse  of  a  theorem  is  derived  from  the  theorem  by  inter- 
changing the  hypothesis  and  the  conclusion.  Thus,  the  converse 
of  the  theorem  mentioned  above  is,  'If  in  a  triangle  the  angles 
op]>osite  two  sides  be  equal,  the  sides  shall  be  equal.' 

When  the  hypothesis  of  a  theorem  consists  of  several  hypotheses, 
there  may  be  more  than  one  converse  to  the  theorem. 

In  proving  propositions,  recourse  is  sometimes  had  to  the  following 
method.     The  proposition  is  sup;ioseil  not  to  be  true,  and  the  con- 
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sequences  of  this  supposition  are  tben  examined,  till  at  length  a 
result  is  readied  wliicn  is  impossible  or  absurd.  It  is  therefore 
\uf erred  that  the  proposition  must  be  true.  Such  a  method  of  proof 
is  called  an  indirect  demonstration,  or  sometimes  a  reductio  ad 
altsurdum  (a  reducing  to  the  absurd). 


SYMBOLS  AND  ABBREVIATIONS. 

+  ,  read  plus,  is  the  sign  of  addition,  and  signifies  that  the  magni- 
tudes between  which  it  is  placed  are  to  be  added  together. 
-,  read  minus,  is  the  sign  of  subtraction,  and  signifies  that  the 
magnitude  written  after  it  is  to  be  subtracted  from  the  magni- 
tude written  before  it. 
~,  read  difference,  is  sometimes  used  instead  of  minus,  when  it  is 
not  known  which  of  the  two  magnitudes  before  and  after  it  is 
the  greater. 
=  is  the  sign  of  equality,  and  signifies  that  the  magnitudes  between 
which  it  is  placed  are  equal  to  each  other.     It  is  used  here  as 
an  abbreviation  for  '  is  equal  to,'  '  are  equal  to,'  '  be  equal  to,' 
and  '  equal  to.' 
J.  stands  for  '  perpendicular  to,'  or  'is  perpendicular  tok* 
(i  II  '  parallel  to,'  or  '  is  parallel  to.' 

'  angle.' 

"^'cnaiigle.'  "^ 

'  paraUelograiH.' 
'  circle.' 

'  circumference* 

'therefore.'     This  symbol  turned  upside  down  (•.')» 
which  is  sometimes  used  for  'because'  or  'since,'  I  have  not 
introduced,  partly  because  some  writers  use  it  for  '  therefore,' 
and  partly  because  it  is  easily  confounded  with  the  other. 
AB^  stands  for  'the  square  described  on  ABJ' 
AB  •  BC  stands  for  'the  rectangle  contained  by  AB  and  BG.' 
A  :  B  stands  for  'the  ratio  of  A  to  B.' 

^A:B)  stands  for  '  the  ratio  compounded  of  the  ratios  of  4  to  5 
IB:C)         and  ^  to  C: 
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A  :  B  =  C  :  D  stands  for  tLe  proportion  '  A  is  to  5  as  C  is  to  D.' 
The  small  letters  a,  b,  c,  m,  n,  p,  &c.  stand  for  numbers. 
App.  stands  for  '  appendix.' 


Ax. 

1          '  axiom.' 

Const. 

1          '  constructioor' 

Cor. 

,          '  corollary.' 

Def. 

1          'definition.' 

Hyp. 

,          '  hypothesis.' 

Post. 

1          '  postulate.' 

Rt. 

I          '  right.' 

In  the  references  given  at  the  right-hand  side  of  the  page  (EwcliiJ 
gives  no  references),  the  Roman  numerals  indicate  the  number  of 
the  book,  the  Arabic  numerals  the  number  of  the  proposition. 
Thus,  I.  47  means  the  forty-seventh  proposition  of  the  first  book. 

In  the  figures  to  certain  of  the  theorems,  it  will  be  seen  that  some 
lines  are  thick,  and  some  dotted.  The  thick  lines  are  those  which 
are  given,  the  dotted  lines  are  those  which  are  drawn  in  order  to 
prove  the  theorem.  [In  a  few  figures  this  arrangement  has  been 
neglected  to  attain  another  object.] 

In  the  figures  to  certain  of  the  problems,  some  lines  are  thick. 
some  thin,  and  some  dotted.  The  thick  lines  are  those  which  are 
given,  the  thin  iines  aie  those  which  are  drawn  in  order  to  effect 
the  construction,  and  the  Jotted  lines  are  those  which  are  necessary 
for  the  proof  that  the  construction  is  correct. 

In  the  figures  which  illustrate  definitions,  the  iines  are  alina$*. 
invariably  thin. 
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PROPOSITION  1.     Problem. 
To  describe  an  equilateral  triangle  on  a  given  sti'aigM  line. 


D  A 


XiiX  ^^  be  the  given  straight  line  : 
v.».  is  required  to  describe  an  equilateral  triangle  on  AB. 

With  centre  A  and  radius  ^5,  describe  0  BCD.  Post,   '6 

With  centre  B  and  radius  BA,  describe  0  ACE ;  Post  3 
and  let  the  two  circles  intersect  at  C. 

Join  AC,  BC.  Post.  1 

ABC  shall  be  an  equilateral  triangle. 

For  AB  =AC,  being  radii  of  the  0  BOD  ;  I  Def.  16 

and      AB  =  BC,  being  radii  of  the  Q)  ACE ;  I.  Def.  16 

.-.       AC=  BC.  I.  Ax.  I 

AB,  AC,  BC  are  all  equal, 

and  ABC  is  an  equilateral  triangle.  /.  Def.  23 

DEDUCTIOjS'S. 


..Yfe) 


1.  If  the  two  circles  intersect  also  at  F,  and  AI\  BF  be  joined, 

prove  that  A  BF  is  an  equilateral  triangle. 

2.  Show  how  to  find  a  point  which  is  equidistant  from  two  given 

points. 

3.  Show  how  to  make  a  rhombus  liaving  one  of  its  diagonals  equal 

to  a  given  straight  line. 

4.  Show  how  to  make  a  rhombus  having  each  of  its  sides  equal  to 

a  given  straight  line. 
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"  5.  If  ^i?  be  produced  both  ways  to  meet  the  two  circles  again  at  D 
and  E,  prove  that  the  straight  line  DE  is  equal  to  the  sum 
of  the  three  sides  of  tlie  triangle  A  BC. 

6.  Show  how  to  find  a  straight  line  equal  to  the  sum  of  the  three 

sides  of  any  triangle. 
Show  how  to  find  a  straight  line  which  shall  be  : 

7.  Twice        as  great  as  a  given  straight  line. 

8.  Thrice  ir  n  n 

9.  Four  times      n  n  n 

10.  Five      ..  ;;  11  n  4c. 


PROPOSITION  2.     Problem. 

From  a  given  point  to  draw  a  straight  line  equal  to  a  given 
straight  line. 


Let  A  be  the  given  point,  and  BC  the  given  straight  line  : 
it  is  required,  to  draw  from  A  a  straight  liiie  —  BC. 

Join  AB,  Post.  \ 

and  on  it  describe  the  equilateral  A  DBA.  I.  1 

With  centre  B  and  radius  BC,  describe  the  0  GEF ;  Post.  3 

and  produce  DB  to  meet  the  Q""  CEF  in  E.  Post.  2 
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With  centre  D,  and  radius  DE,  describe  the  0  EGH;    Poet.  3 
and  produce  DA  to  meet  the  Q"*  EGH  in  G.  Post.  2 

AG  shall  =  BC. 
Because        DE  =  DG,  being  radii  of  0  EGH,  I.  Def.  16 
and  DB  =  DA,  being  sides  of  an  equi- 

lateral triangle  ;  /.  Def.  23 

.•.  remainder  BE  =  remainder  AG.  I.  Ax.  3 

But  BE  =  BC,  being  radii  of  0  CEF;  I.  Def.  16 

AG  =  BC.  I.  Ax.  1 

1.  If  the  radius  of  the  large  circle  be  double  the  radius  of  the  small 

circle,  where  will  the  given  point  be  ? 

2.  AB  is  a  given  straight  line ;  show  how  to  v^raw  from  A  any 

number  of  straight  lines  equal  to  AB. 

3.  ^^  is  a  given  straight  line  ;    show  how  to  draw  from  B  any 

number  of  straight  lines  equal  to  A  B. 

4.  AB  is  a  given  straight  line  ;  show  how  to  draw  through  A  any 

number  of  straight  lines  double  of  AB. 

5.  AB  is  a  given  straight  line  ;  show  how  to  draw  through  B  any 

number  of  straight  lines  double  of  AB. 

6.  On  a  given  straight  line  as  base,  describe  an  isosceles  triangle 

each  of  whose  sides  shall  be  equal  to  a  given  straight  line. 
Ma}'  the  second  given  straight  line  be  of  any  size  ?    If  not,  how 
large  or  how  small  may  it  be  ? 

Give  the  construction  and  proof  of  the  proposition — 

7.  When  the  equilateral  triangle  ABD  is  described  on  that  side  of 

AB  opposite  to  the  one  given  in  the  text. 

8.  When  the  equilateral  triangle  ABD  is  described  on  the  same 

side  of  AB  &s  in  the  text,  but  when  its  sides  are  produced 
through  the  vertex  and  rot  beyond  the  base. 

9.  When  the  equilateral  triangle  ABD  is  described  on  that  sidp  of 

AB  opposite  to  the  one  given  in  the  text,  and  when  its  sides 
are  produced  through  the  vertex. 
10.  When  the  given  point  A  is  joined  to  0  instead  of  <?.  ^fr.ke 
diagrams  for  all  the  cases  that  can  arise  by  describmg  the 
equilateral  triangle  on  either  side  of  AC,  and  producing  its 
sides  either  beyond  the  base  or  through  the  vertex 
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PROPOSITION  3      Problem. 

From  the  greater  of  tico  given  straight  lines  to  cut  off  a  par, 
equal  to  the  less. 


-B 


Let  AB  and  C  be  the  two  given  straight  lines,  of  which 
AB  is  the  greater  : 
it  is  required  to  cut  off  from  AB  a  part  =  C. 

From  A  draw  the  straight  line  AD  =  C;  /.  2 

with  centre  A  and  radius  AD,  describe  tlie  0  DEF,     Post.  3 
cutting  AB  at  E.  AE  sliaU  =  G. 

For  AE  =  AD,  being  radii  of  0  DEF.  I.  Def.  16 

But     AD  =  C;  Const 

AE=  a  L  Ax.  1 

1.  Give  the  construction  and  the  proof  of  this  proposition,  using 

the  point  B  instead  of  the  point  A. 

2.  Produce  the  less  of  two  given  straight  lines  so  that  it  may  be 

equal  to  the  greater. 

3.  If  from  AB  (fig.  1  and  fig.  2)  there  be  cut  oflF  ^i>  and  BE,  each 

equal  to  C,  prove  AE  =  BD. 

Fig.  1.  Pig.  2. 

AD  EB  AE  DB 


4.  Show  how  to  find  a  straight  line  equal  to  the  sum  of  two  given 
straight  lines. 
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5.  Show  how  to  find  a  straight  line  equal  to  the  difference  of  two 

given  straight  lines. 

6.  Show  that  if  the  difference  of  two  straight  lin^s  be  added  to  the 

sum  of  the  two  straight  lines,  the  result  will  be  double  of  the 
greater  straight  line. 

7.  Show  that  if  the  difference  of  two  straight  lines  be  taken  away 

from  the  guui  of  the  two  straight  lines,  the  result  will  be 
double  of  the  less  straight  line. 


PROPOSITION'  4.     Theorem. 

If  tico  sides  and  the  contained  angle  of  one  triangle  he  eqiio 
to  tiro  sides  and  the  contained  angle  of  another  triangle, 
the  tico  triangles  shall  he  equal  in  evertj  icsjject — thai  i.-.-, 

(1)  The  third  sides  shall  be  eqtial, 

(2)  The  remaining  angles  of  the  one  triangle  shall  he  ?qnal 

to  the  remaining  angles  of  the  other  triangle, 
(S)  Tlie  areas  of  the  tico  triangles  shaM  he  equal. 

A  D 


In  As  ABC,  DEF,  let  AB  =  DE,  AC  =  DF,  l  A^-  i  77; 
it  is  required  to  jjrove  BC  —  EF,  lB  =  i.  E,  l  G  =  ^  F, 
A  ABC  =  A  DEF. 

K  A  ABC  be  applied  to  A  DEF, 
so  that  A  falls  on  D,  and  so  that  AB  falls  on  DE ; 
then  B  will  coincide  with  E,  because  AB  =  DE.  Uyp. 

And  because  AB  coincides  with  DE,  and  lA=  lD.     liyu. 

.-.  ^CwiUfall  on  DF. 
And  because  AC  =  DF,  RyP' 

.' .   C  ■wiU  coincide  with  F. 
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A  D 


Now,  since  B  coincides  with  E,  and  C  with  F, 

0-.  ^Cwill  coincide  with  EF ;  I.  Def.  3 

.-.  BG  =  EF.  I.  Ax.  y 

Hence  also  l  B  will  coincide  with  L  E  ; 
.\   L  B  =  L  E;  I.  Ax.  9 

and  L  C  will  coincide  with   L  F ;  .'.   lC  =   L  F ;  I.  Ax.  9 

.^nd  A  ABC  will  coincide  with  A  DEF ; 
.'..  A  ABC  =  A  DEK  I.  Ax.  9 

In  the  two  A s  ABC,  DEF, 

1.  li  AB  =  DE,  AC  =^  DF,  but  z  A   greater  than  /  D,  where 

would   AG  fall  when  ABC  is  applied  to  DEF  as  in  the 
proposition  ? 

2.  li  AB^  DE,  AC=DF,  but  i  A  less  than  i  D,  where  would 

^Cfall? 

3.  li  AB  =  DE,  lA=  l  D,  but  AC  greater  than  DF,  where 

would  C  fall  ? 

4.  If  AB  =  DE,  lA^  iD,h\\t  AC  less         than  Z)/;  where 

would  C  fall  ? 

5.  Pro\e  the  proposition  beginning  the  superposition  with  the  point 

B  or  the  point  C  instead  of  the  point  A. 
3.  If  the  straight  line  CD  bisect  the  straight  line  AB  perpendicu- 
larly, prove  any  point  in  CD  equidistant  from  A  and  B. 
7.  CA  and  GB  are  two  equal  straight  lines  drawn  from  the  point 
C,  and  CD  is  the  bisector  of  z  ^  GB.     Prove  that  any  point 
in  CD  is  equidistant  from  A  and  B. 
^\  P«,  ''^he  straight  line  that  bisects  the  vertical  angle  of  an  isosceles 
r^9^       ■  triangle  bisects  the  base  and  is  perpendicular  to  the  base. 

y.  A  BCD  is  a  quadrilateral,  one  of  whose  diagonals  is  BD.      If 
4B  =  GB,  and  BD  bisects    lABC,  prove  that  AD  =  CD, 
and  that  BD  bisects  also  z  ADC. 
10.  Prove  that  the  diagonals  of  a  square  are  equaL 
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V  11.  ABCD  is  a  square.     E,  F,  G,  H  are  the  middle  points  of  AB  1  dp^ 

K  BC,  CD,  DA,  and  EF,  FG,  GH,  HE  are  joined.     Prove  thatj    ' 

I  EFGH  has  all  its  sides  eqaal. 

'  12.  Prove  by  superposition  that  the  squares  described  on  two  equal 
straight  lines  are  equal. 
13.  If  two  quadrilaterals  have  three  consecutive  sides  and  the  two 
contained  angles  in  the  one  respectively  equal  to  three 
consecutive  sides  and  the  two  contained  angles  in  the  other, 
the  quadrilaterals  shall  be  equal  in  every  respect. 


PEOPOSITION  5.     Theorem. 

Thft  angles  at  ilie  base  of  an  isosceles  triangle  are  eqii^  ^ 
Mid  if  the  equal  sides  be  produced,  the  angles  on  the 
other  side  of  the  base  shall  also  be  equal. 


In  A  ABC,  let  AB=  AC,  and  let  AB,  AC  he  produced  to 
D  and  E. 

it  is  required  to  prove  L  ABC  =  i~  ACB  and  L  DBG  — 
L  ECB. 

In  BD  take  any  point  F, 

and  from  AE  cut  oQ  AG  =  AF ;  I.  3 

join  BG,  CF.  Post.  1 

r         FA  =  GA  Const. 

(1)  m  As  AFC,  A GB,  I  AC  =  AB  Hyp. 

i  I.  FAC=  L  GAB; 
, .  FC=  GB,  _  AFC=  L  AGB,  ^  ACF ^  l  ABG,        L  4 

c 
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(2)  Because  the  whole  AF  =  who!e  AG,  Oonsi. 
si2  '                   the  part  AB  =  part  AC;  Hyp. 

the  remainder  BF  =  renisinder  CG.  I.  Ax.  3 

(  BF  =  CG         Proved  in  (2) 

(3)  In  As  BFC,  GGBJ  FC  =  GB         Proved  in  (l) 

(  I.  BFC  =  I.  GGB;  Proved  in  (1) 
I.  BCF  =  L  CBG,  and  l  FBC  =  l  GCB.  I.  4 

(4)  Because  whole  l  ABG  =  whole  l  ACF,    Proved  in  (1) 
and  the  part  L  CBG  =    part    l  BCF;  Proved  in  (3) 

.-.    the  remamder  l  ABC  =  remainder  l  ACB ;    I.  Ax.  3 
and  these  are  the  angles  at  the  hase. 
But  it  was  proved  in  (3)  that  l  FBC  =  l  GCB ; 
and  these  are  the  angles  on  the  other  side  of  the  base. 

Cor. — If  a  triangle  have  all  its  sides  equal,  it  will  also 
have  all  its  angles  equal ;  or,  in  other  words,  if  a  triangle  be 
equilateral,  it  wiU  be  equiangidar. 

1,  If  two  angles  of  a  triangle  be  unequal,  the  sides  opposite  to 

them  will  also  be  unequal. 

2.  Two  isosceles  triangles  ABC,  Z)5C  stand  on  the  same  base  BC, 

and  on  opposite  sides  of  it ;  prove  i  ABD  =  L  ACD. 

3,  Two  isosceles  triangles  ABC,  DBC  stand  on  the  same  base  BC, 

and  on  the  same  side  of  it ;  prove  l  A  BD  =   L  A  CD. 

4.  In  the  figure  to  the  second  deduction,  if  .4 Z)  be  joined,  prove  that 

it  will  bisect  the  angles  at  A  and  D. 
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5.  A BC is  an  isosceles  triangle  having  AB  —  A C.    lnAB,A C,  two 

points  D,  E  are  taken  equally  distant  from  A  ;  prove  that 
the  triangles  ABE,  ACD  are  equal  in  all  respects,  and  also 
the  triangles  DBC,  ECB. 

6.  Prove  that  the  opposite  angles  of  a  rhombus  are  equal. 

7.  D  and  E  are  the  midille  i>oints  of  the  sides  BG  and  CA  of  a 

triangle ;   DO  and  EO  are   perpendicular  to  BC  and  CA  ; 

show  that  the  angles  OAB  and  DBA  are  equal. 
•8.  Prove  the  proposition  by  supposing  the  A  ABC,  after  leaving  a 

trace  or  impression  of  itself,  to  be  lifted  up,  turned  over,  and 

applied  to  the  trace. 
9.  Prove  the  first  part  of  the  proposition  by  supposing  the  angle  at 

the  vertex  to  be  bisected. 


PROPOSITION  6.     Theorem. 

ff  two  angles  of  a  triangle  be  equal,  the  sides  opposite  them 
shall  also  he  equal. 


In  A  ABClBi  L  ABC  =  l  ACB : 
it  is  required  to  prove  AC  =  AB. 

If  -4  C  is  not  =  AB,  one  of  them  must  be  the  greater. 
Let  AB  be  the  greater ; 

and  from  it  cut  off  BD  =  AC,  /.  3 

and  join  i)  a  Post.  \ 

C        DB  =  AC  Const. 
in  As  DBC,  ACB,]         BC  =  CB 

.     \  I.  DBC  =  L  ACB;  Hyp. 
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.-.  area  of  A  DBC  =  area  of  A  ACB ;  I.  4 

which  is  impossiVjle,  since  A  DJiC  is  a  part  of  A  ACB. 
Hence  AG  is,  not  unequal  to  AB ; 
that  is,  ^C  =  AB. 

Cob. — If  a  triangle  have  all  its  angles  equal,  it  will  also 
have  all  its  sides  equal ;  or,  in  other  words,  if  a  triangle  be 
equiangular,  it  will  be  equilateral. 

1.  If  two  sides  of  a  triangle  be  imequal,  the  angles  opposite  to  them 

will  also  be  unequal. 

2.  If^5Cbe  an  isosceles  triinule,  and  if  the  equal  angles  AI\(\ 

ACB  he  bisected  l)y  BD,  CD,  which  meet  at  D  ;   prove  tl  at 
DBC  is  also  an  isosceles  triangle. 

3.  In   the  figure  to  /.  5,  if   BG,  CF  intersect   at  H,  prove  that 

HBC  is  an  isosceles  triangle. 

4.  Hence  prove  that  Fff  =  GH,  and  that  AH  bisects  l  A. 

5.  By  means  of  what  is  proved  in  the  last  deduction,  give  a  method 

of  bisecting  an  angle. 

6.  Prove  the  proposition  by  supposing  the  A  ABC,  after  leaving  a 

trace  or  impression  of  itself,  to  be  lifted  up,  turned  over,  and 
applied  to  the  trace. 


PROPOSITION  7.      Theorem. 

Tn:o  triangles  on  the  same  base  and  on  the  same  side  of  it 
cannot  have  their  conterminous  sides  equal. 
CD  ^  ,'E 

-•F 


A  B       A  B        A  B 

If  it  be  possible,  let  the  two  As  ABC,  ABD  on  tKe^ 
same  base  AB,  and  on  the  same  side  of  it,  have  AC  =  AD^ 
and  BC  =  BD. 
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Three  cases  may  occur  : 

(1)  The  vertex  of  each  A  may  be  outside  the  other  A. 

(2)  The  vertex  of  one    A  may  be  inside  the  other  A> 

(3)  The  vertex  of  one    A  may  be  on  a  side  of  the  other  A. 
In  the  first  case  join  CD ;    and  in  the  second  case  join 

CD  and  produce  AC,  AD  to  E  and  F. 

Because  AC  =  AD,  .-.   l  BCD  =  lFDG.  I.  5 

But  ^  ECD  is  greater  than  l  BCD  ;  I.  Ax.  « 

.-.    L  FDCis  greater  than  i.  BCD. 
Much  more  then  is  l  BDC  greater  than  z.  BCD. 
But  because  BC  =  BD,  .-.  l  BDC  =  ..  BCD;  I.  5 

that  is,  Z-  BDC  is  greater  than  and  ei]^ual  to  i.  BCD, 
which  is  impossible. 

The  third  case  needs  no  proof,  because  BC  is  not  =  BD 
Hence  two  triangles  on  the  same  base  and  on  the  same  side 
of  it  cannot  have  their  conterminous  sides  equal.  '    ' 

1.  On  the  same  base  and  on  the  same  siile  of  it  there  can  be  only 

one  equilateral  tiiangle. 

2.  On  the  same  1  a?e  and  on  the  same  side  of  i.  there  can  be  only 

one  isosceles  triangle  having  its  sides  equal  to  a  given  str.iigl.t 
line. 

3.  Two  circles  cannot  cut  each  other  nt  more  than  one  point  either 

above  or  below  the  straight  line  joining  tlieir  centres. 


PROPOSTTIOX  8.     Theorem. 

If  three  steles  of  one  trianr/le  be  resjyectivel//  equal  to  Ihret 
sides  of  another  triangle,  the  two  triangles  shall  he  eqaa't 
in  every  resjjed ;    that  is, 

(1)  The  three  angles  of  the  one  triangle  shall  he  resjjectirelj, 
eqiial  to  the  three  angles  of  Ihe  eAher  triangle, 

('?)   The  areas  of  the  two  triangles  .^hall  he  equal. 
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In  As  ABC,  DEF,  let  AB  =  DE,  AC  =  DF.  BC  =  EF: 
it  is  required  to  prove  uA  =  L.D,  l  B  =  lE,  lG  =  lF, 
and  A  ABC  =  A  DEE. 

If  A  ABC  be  applied  to  A  DEF, 
so  that  B  falls  on  E,  and  so  that  BC  falls  on  EF; 
then  C  will  coincide  with  F,  because  BC  =  EF.  Hyp. 

Now  since  BC  coincides  with  EF, 

.-.  BA  and  ^Cmust  coincide  with  ED  and  DF. 
For,  if  they  do  not,  but  fall  otherwise  as  EG  dikJ  GF ; 
then  on  the  same  base  EF,  and  on  the  same  side  of  it, 
there  will  be  two  As  DEF,  GEE,  having  equal  pairs 
of  coiilerminou3  sides, 
w"hi('h  is  impossible.  '  /.  7 

.-.  BA  coincides  with  ED,  and  ^Cwith  DF. 
Hence  l  A  will  coincide  with  _  />,   ." .  _  .4  =  _  D;     I.  Ax.  9 
and  z.  B  will  coincide  with   i.  E,   .-.   _  7i=  ^  E;     I.  Ax.  9 
and  z.   C  will  coincide  with  l  F,    .-.  /- C  =  L.  F;     I.  Ax.  9 
and  A  ABC  will  coincide  with  A  DEF, 

.-.    A  ABC  =  A  DEF.  I.  Ax.  9 

1.  The  straight  line  which  joins  the  vertex  of  an  isosceles  triangle 

to  the  middle  point  of  the  base,  is  perpendicular  to  the  base, 
and  bisects  the  vertical  angle. 

2.  The  opposite  angles  of  a  rhonibns  are  equal. 

3.  Either  diagonal  of  a  rhombus  bisects  the  ang'es  through  which 

it  passes. 

4.  A  BCD  is  a  quadrilateral  having  AB  =  BC  and  AD^  DC; 

prove  that  the  diagonal  BD  bisects  the  angles  through  which 
it  passes,  and  that  l  A  =  l  C. 
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5.  Two  isosceles  trian^,^«s  stand  on  the  sr;ae  base  and  on  opposite 

sides  of  it ;  pro\  '  that  the  straight  Jijie  joining  their  vertices 
bisects  both  vertical  angles. 

6.  Two  isosceles  tri;  igles  stand  on  the  same  base  and  on  the  same 

side  of  it ;  provo  that  the  straight  line  joining  their  vertices, 
being  produced,  bisects  both  vertical  angles. 

7.  In  the  figures  to  the  fifth  and  sixth  deductions,  prove  that  the 

straight  line  joining  the  vertices,  or  that  straight  line 
produced,  bisects  the  common  base  perpendicularly. 

S.  Hence  give  a  construction  for  bisecting  a  given  straight  line. 

9.  The  diagonals  of  a  rhombus  or  of  a  square  bisect  each  other  per- 
pendicularly. 

10.  If  any  two  circles  cut  each  other,  the  straight  line  joining  their 

points  of  intersection  is  bisected  perpendicularly  by  the 
straight  line  joining  their  centres. 

11.  Prove  the  proposition  by  appljnng  the  triangles  so  that  they 

may  fall  on  opposite  sides  of  a  common  base.  .Join  the  two 
vertices,  and  use  I.  5  (Philon's  method ;  see  Friedlein's 
Proclus,  p.  266). 


PEOPOSITION  9.     Problem. 
To  bisect  a  given  rectilineal  angle. 


Let  ACB  be  the  given  rectilineal  angle 
it  is  required  to  bisect  it. 

In  A  C  take  any  point  D, 
and  from  CB  cut  off  CE  =  CD. 
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Join  DE,  and  on  DE,  on  the  side  remote  from  C, 
describe  tlie  eciuilateral  A  DEF.  }.  1 

Join  CF.  CFsXvaW  bisect  z.  ACB. 

(DC=  EC  Const 

In  As  DCF,  ECF,  ]  CF  =  C/^ 

(  DF  =  EF;  I  Def.  23 

,-.  L.  DCF  =  L  ECF;  /.  8 

that  is,  CF  bisects  l.  A  CB. 


1.  Prove  that  ■:7i'' bisects  ande  DFE. 

2.  If  the  equilateral  triangle  BEF  were  d;scril'ed  on  the  same  side 

of  DE  as  C  is,  what  three  position    might  /'ttike  ? 

3.  Show  that  in  one  of  these  positions  the  demonstration  remains 

the  same  as  in  the  text. 

4.  Would  an  isnsceles  triangle  DFF  described  on   the  base  DE 

answer  the  purpose  as  well  as  an  equilateial  one?     If  so, 
why? 

5.  Prove  the  proposition  and  the  firs    deduction,  using  I.  5  and 

I.  4  instead  of  I.  8. 
G.  Divide  a  given  nngle  int«i  4  c  qual  parts. 

7.  Could  the  number  of  equal  jiaits  into  which  an  angle  may  be 

divided    be    e-'^^ecled    be\outl    4?     If    so,    eunmerate    the 
•        numbers. 

8,  Prove  from  an  equiiateral  triangle  that  if  a  right-angled  triangle 

have  one  of  the  acute  angles  double  of  the  other,  the  hypot- 
enuse is  doi;b  e  of  the  ^ile  op]iosite  the  !e;ist  angle. 
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PROPOSITIOX  10.     Problem. 
To  bisect  a  given  straight  lint- 


Let  AB  be  the  given  straight  line  : 
//  is  reqidred  to  bisect  it. 

On  AB  describe  an  equilateral  A  ABC,    *•  /.  1 

and  bisect  l  ACB  hy  CD,  which  msets  AB  at  D.  /.  9 

AB  shall  be  bisected  at  D. 

(         AC=BC  I.  Be/.  23 

In  As  ACD,  BCD,  <  CD  =  CD 

i  L  ACD  =  L  BCD;  Omst. 

.-.  AD  =  BD;  I.  4 

that  is,  AB  is  bisected  at  D. 

1.  Would  an  isosceles  triangle  described  on  ^  S  as  base,  answer  the 

purpose  as  well  as  an  equilateral  one  ?     If  so,  why  ? 

2.  Prove  that  CD,  besides  bisecting  A  B,  is  perpendicular  to  A  B. 

3.  In  the  figure  to  I.  1,  suppose  the  two  circles  to  cut  at  C  and 

F ;  prove  that  CF  bisects  AB. 

4.  Hence  give  (without  proof)  a  simple  method  of  bisecting  a  given 

straight  line. 

5.  In  the  figure  to  the  third  deduction,  prove  that  AB  and  CF 

bisect  each  other  perpendicularly. 

6.  Enunciate  the  preceding  deduction  as  a  property  of  a  rhombus. 

7.  Divide  a  given  straight  line  into  4  equal  parts. 

8.  Could  the  number  of  eqiial  parts  into  which  a  straight  line  may 

be  divided  be  extended  beyond  4  ?     If   so,  enumerate  the 
numbers. 
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9.   F'iud  a  straijiht  line  half  as  long  again  as  a  given  straight  line. 

10.  Find  a  straiglit  line  eqiial  to  half  tiie  sum  of  two  given  straight 

lines. 

11.  Find  a  straight  line  equal  to  half  the  diffe'-ence  of  two  given 

straight  liuc^. 

12.  If,  in    the   figure  to  the   proposition,    z  ^  is  bisected  by  AF, 

which  meets  BC  at  F,  prove  BF  =  BD,  and  AF  =  CD. 


PR0P0S7.x'I0X  11.     Problem. 

To  draw  a  straight  ^me  loeivendiculor  to  a  (jiven  stravjhi 
line  from  a  given  point  in  the  same. 
F 


D  C  E  ■" 

Let  AB  be  the  given  straight  line,  and  C  the  given  point 
in  it: 
it  is  required  to  draw  from  C  a  perpendicular  to  AB. 

In  .4(7  take  any  point  D, 
and  from  CB  cut  olf  CE  =  CD.  I.  3 

On  DE  describe  the  equilateral  A  DEF,  I.  1 

and  join  OF.  CF  shall  be  ±  AB. 

LDC=EC  Const. 
In  As  DCF,  ECF,  \cF=  CF 

i  DF  =  EF;  I.  Def.  23 

.-.   L  DCF  =   L.  ECF;  I.  8 

•.  C'/'is  ±  AB.  I.  Def.  10 

1.  Would  an  isosceles  triangle  described  on  DE  as  base  answer  the 
purpose  as  well  as  an  equilateral  one  ?     If  so,  why  ? 
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2.  If  the  given  point  were  situated  at  either  end  of  the  given 

straight  line,  what  additional  coustructio*  would  be  necessary 
in  order  to  draw  a  perpendicular  ? 

3.  At  a  given  point  in  a  given  straight  line  make  an  angle  equal 

to  half  of  a  right  angle. 

4.  At  a  given  point  in  a  given  straight  line  make  an  angle  equal  to 

one-fourth  of  a  right  angle. 

5.  Construct  an  isosceles  right-angled  triangle. 

6.  Construct  a  right-angled  triangle  whose  base  shall  be  equal  to 

half  the  hypotenuse. 

7.  Find  in  a  given  straight  line  a  point  which  shall  be  equally 

distant  from  two  given  points.  Is  this  always  possible  ?  If 
not,  when  is  it  not  ? 

8.  ABC  is  any  triangle  ;    AB  ia  bisected  at  L,  and  AC  at  K. 

From  L  there  is  drawn  LO  perjjendicnlar  to  AB,  and  from 
K,  KO  perpendicular  to  AC,  and  these  perpendiculars  meet 
at  0.     Prove  that  OA,  OB,  OC  are  all  equal. 

9.  Compare  the  const;  uction  and  proof  of  I.  9  with  those  of  I.  11, 

and  show  that  the  latter  proposition  is  a  particular  case  of 
the  former. 


PROPOSITION  12.     Problem. 

To  draw  a  straight  line  perpendicular  to  a  given  straight 
line  from  a  given  point  without  it. 
C 


Let  AB  be  the  given  straight  line,  and  C  the  given  point 
without  it : 
it  is  required  to  draw  from  C  a  2:>erpendicular  to  AB. 

Take  any  point  D  on  the  other  side  of  AB  ; 
with  centre  C  and  radius  CD,  describe  the  0  EDF,  cutting 
AB,  or  AB  produced,  at  E  and  F. 
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Bisect  ^i^  at  O; 
and  join  GG. 
Join  GE,  GF. 

iEG  =  FG 
In  As  GGE,  GGF,  \gG  =  GG 
(  GE  =  GF; 
.'.  L  GGE  =  A  GGF; 
.-.  GG  is  ±  AB. 


GG  shall  be  ±  AB. 


I.  10 


Const. 


I.  Def.  16 

/.  8 

/.  Def.  10 


1.  Is  CEF  an  equilateral  triangle  ? 

2.  Prove  that  GG  bisects  z  JS'Ci?'. 

3.  Instead  of  bisecting  EF  at  G  and  joining  C(t,  would  it  answer 

the  purpose  equally  well  to  bisect  z  ECF  by  GG  ? 

4.  Instead  of  taking  D  on  the  other  side  of  AB,  would  it  answer 

equally  well  to  take  D  m  AB  itself? 

5.  Two  points  are  situated  on  opposite  sides  of  a  given  straight 

line.  Find  a  point  in  the  straight  line  such  that  the  straight 
lines  joining  it  to  the  two  given  points  may  make  equal 
angles  with  the  given  straight  line.     Is  this  always  possible  ? 

6.  Use  the  tenth  deduction  on  I.  8  to  obtain  another  method  of 

drawing  the  perpendicular. 


PROPOSITION  13.     Teiborem 

The.  angles  -which  one  straight  line  makes  with  another  on 
one  side  of  it  are  together  equal  to  tioo  right  angles. 

.Let  AB  make  with  GD  on  one  side  of  it  the  L  s  ABG, 
ABD- 
it  is  required  fo  prove  l  ABG  +  l  ABD  =  2  rt.  l  s. 
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C  B  D 

{i)  If  L  ABC  =  L  ABD, 
ifien  each  of  them  is  a  right  angle ; 
.-.    L  ABC  +  -  ABD  =  2  rt.  l%. 
(2)  If  L  ABC  be  not  =   l  ABD, 
from  B  draw  BE  X  CD. 
Then  z.  s  EBC,  EBD  are  2  rt.  ^  s. 
But  L  ABC  +    /.  ABD  =    .i  Zi>'C  +    ^  £'5Z>; 
.-.   ^  ^^C  +   £  ^5i>  =  2  rt.  ^s. 


/.  Def.  10 


/.  11 

Const. 
I.  Ax.  9 
/.  Ax.  I 


Cor.  1. — Hence,  if  two  straiglit  lines  cut  one  another, 
Uie  four  angles  which  they  make  at  the  point  where  they 
cut  are  equal  to  four  right  angles. 

For  L  AEC  +  L  AED  =  2  tt.  z.  s, 

7.13 
md  L  BED  +  L  EEC  --  2  rt.  /.  s. 

I.  13 
. '.  L  AEC  +   L.  AED  +  L  BED  +  l  BEC  =  4  rt.  z.  s. 

Cor.  2. — All  the  successive  angles  niailu  l>y  any  number 
of  straight  lines  meeting  at  one  point  arts  together  equal  to 
four  right  angles. 

Let  OA,  OB,  OC,  OD,  which 
meet  at  0,  make  the  successive 
angles  AOB,  BOC,  COD,  DOA: 
it  is  required  to  jJf'ove  these  i^s 
^  iH.  LG. 

Pro'luce  AO  to  E. 
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Then  l  AOB  +   l  BOC  +   l  COD  +   l  DOA 

=  (^  AOB  +   L  BOE)  +  {  L  EOD  +  l  DOA) 
=  2rt.  ^s  +2  rt.  ^s.  /.  13 

=  4  rt.  L  s. 

Def. — Two  angles  are  called  supplementary  when  their 
siini  is  two  right  angles;  and  either  angle  is  called  the 
supplement  of  the  other. 

Thus,  in  the  figure  to  the  proposition,  l  ABC  a\\(\  L  ABD 
are  suiiplenientary  ;  l  ABC  is  the  supplement  of  L  ABD, 
and  L  ABD  is  the  supplement  of  L  ABC. 

Dbf. — Two  angles  are  called  complementary  when  their 
sum  is  one  right  angle;  and  either  angle  is  called  the 
complement  of  the  other. 

'J'hus,  in  the  figure  to  the  proposition,  L  ABD  and 
L  ABE  are  complementary ;  l  ABD  is  the  complement 
of  L  ABE,  and  l  ABE  is  the  complement  of  l  ABD. 

1.  In  the  figure  to  Cor.  1,  name  all  the  angles  which  are  supple- 

mentary to  L  A  EC,  to  z  A  ED,  to  i  BED,  to  z  BEC. 

2.  In  the  figure  to  Cor.  2,  name  the  angles  which  are  supplemen- 

tary to  I  AOB,  I  BOE,  I  COE,  i  EOD,  l  AOD. 

3.  In  the  figure  to  I.  5,  name  the  angles  which  are  supplementary 

to   z  ABC,   L    ACB,    L    DBC,   z  ECB,   l  BFC,   l  CGB, 
L  ABG,  z  ACF. 

4.  In  the   accompanying  figure,   z   AOB  is 

right.  Name  the  angles  which  are 
complementary  to  z  AOC,  z  AOD, 
I  BOD,  L  BOC. 

5.  In  the  same  figure,  if  z  AOC  =  z  BOD, 

prove  z  AOD  =  z  BOC;  and  if 
z  AOD  =  z  BOC,  prov«  z  AOC  = 
I  BOD. 

6.  In  the  figure  to   the  proposition,  if    z  s  ABC  and   ABD  be 

bisActed,  prove  that  the  bisectors  are  perpendicular  to  each 
other. 

7.  If  the  angles  at  the  base  of  a  triangle  be  equal  the  angles  on 

the  other  side  of  the  base  must  also  be  equaL 
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8.  If  the  base  of  an  isosceles  triangle  be  produced  both  ways,  the 

exterior  angles  thus  furmed  are  equal. 

9.  ABC  is  a  triangle,  and  the  sides  AB,  AC  are  produced  to  D 

and  E.     If  z  DEC  =  l  ECB,  prove  d.  ABC  isosceles. 
10.  ABC  is  a  triangle,  and  tlie  base  BC  is  produced  both  ways. 
If  the  exterior  angles  thus  formed  are  equal,  prove  A  ABC 
isosceles. 


PROPOSITION  14.     Theorem. 

If  at  a  point  in  a  straight  line,  two  other  straight  lines  on 
oppodte  sides  of  it  make  the  adjacent  angles  together 
equal  to  tioo  right  angles,  these  two  straight  lines  g/iall 
be  in  one  and  the  same  straight  line. 


G  B  D 

At  the  point  B  in  AB,  let  BC  and  BD,  on  opposite  sides 
of  AB,  make  l  ABC  +  l  ABD  =  2  rt.   ^  s  : 
it  is  required  to  prove  BD  in  the  same  straight  line  tvith  BG. 

If  BD  he  not  in  the  same  straight  line  with  BC,  produce 
CB  to  E;  .  Post.  2 

then  BE  does  not  coincide  with  BD. 
Xow  since  CBE  is  a  straight  line, 

A  ABC  +  L  ABE  =  2  rt.  ^  s.  /.  13 

But  z.  ABC  +  L  ABD  =  2  rt.  z.  s ;  Hyp. 

L  ABC  +  L  ABE  =  L  ABC  +  l.  ABD.  I.  Ax.  1 
Take  away  from  these  equals  L  ABC,  which  is  common ; 

L  ABE  =  L  ABD,  I.  Ax.  3 

which  is  impossible ; 
.•.  BE  must  coincide  with  BD; 
that  is,  BD  is  in  the  same  straight  line  with  BC. 
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1  ABCD,EFGH  are  two  squares.  If  they  be  placed  so  that  F  falls 
on  C,  and  FE  along  CD,  show  that  FO  will  either  fall  along 
CB,  or  be  in  the  same  straight  line  with  it. 

2.  If  in  the  straight  line  AB,  a  point  E  be  taken  and  two  straight 
lines  EC,  ED  be  drawn  on  opposite  sides  of  AB,  making 
z  A  EC  =  /  BED,  prove  that  EC  and  ED  are  in  the  same 
straight  line. 

n.  If  four  straight  lines,  AE,  CE,  BE,  DE,  meet  at  a  point  E,  so 
that  z  AEC  =  z  BED  and  z  AED  =  L  BEG,  then  AE  and 
^^  are  in  the  same  straight  line,  and  also  CE  ami  ED. 

4.  P  is  any  point,  and  AOB  a  right  angle  ;  PM  is  drawn  perpen- 

dicular to  OA  and  produced  to  Q,  so  that  Qi/  =  MP ;  PN 
is  drawn  ])erpenrlicular  to  OB  and  produced  to  R,  so  that 
i?A'  =  NP.  Prove  that  Q,  0,  R  lie  in  the  same  straiglit 
line. 

5.  If  in  the  enunciation  of  the  projiosition  the  words  'on  opposite 

sides  of  it '  be  omitted,  is  the  proposition  necessarily  true  ? 
Draw  a  figure  to  illustrate  your  anawer. 


PROPOSITION  15.     Theorem. 

If  two  straight  lines  cut  one  aivdher,  the  vertically  opposite 
angles  shall  he  equal. 


Let  AB  and  CD  cut  one  another  at  E  : 
it  is  required  to  prove  l  AEC  =   L  BED,  and  l  BEG  — 
_  AED. 

Because  CE  stands  on  AB, 

■  L  AEC  +  i-BEC  =  2  rt.   /.s.  /.  13 

Because  BE  stands  upon  CD, 

L  BEC  +  L  BED  =  2  rt.  z.  s ;  L  13 

L  AEC'+  L  BEC  =  -  BEC  +  l  BED.  I.  Ax.  1 
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Take  away  from  these  equals  l  BEC,  which  is  common  ; 

L.  AEC  =  L  BED.  I.  Ax.  i 

Hence  also,  l  BEC  =  l  AED. 

1.  Prove  I  AEC  =  l  BED,  making  i  AED  the  common  angl«, 

2.  „       z  BEC  =  L  AED,        „        l  AEC 

3.  M       L  BEC  =  L  AED,        „        L  BED 

4.  If  L  AED  is  bisected  by  FE,  and  FE  is  produced  to  G,  prove 

that  EG  bisects  L  BEC. 

5.  If  i  AED  is  bisected  by  FE,  and  i  BEC  bisected  by  GE,  prove 

FE  and  GE  in  the  same  straight  line. 

6.  K  in  a  straight  line  AB,  a,  point  E  be  taken,  and  two  straight 

lines,  EC,  ED,  be  drawn  on  opposite  sides  of  AB,  making 
z  AEC  =  z  BED,  prove  that  EC  and  ED  are  in  the  same 
straight  line. 

7.  ABC  is  a  triangle,  BD,  CE  straight  lines  drawn  making  equal 

angles  with  BC,  and  meetinu  the  opposite  sides  in  D  and  E 
-and  each  other  in  Fj  prove  that  if  z  AFE  =  L  AFD,  the 
triangle  is  isosceles. 


"   PROPOSITION  IG.     Theorem. 

//  one  side  of  a  triangle  he  produced,  the  exterior  angle  shall 
he  greater  than  either  of  the  interior  opposite  angles. 


Let  ABChe  a  triangle,  and  let  BC  be  produced  to  D: 
it  is  required  to  prove  l  AC D  greater  than  l  BAC,  and  aUo 
greater  than  l  ABC 

Bisect  ^Cat  ^;  /.  10 

D 


44 


EUCLID  S    ELEMENTS. 
A  jr 


[Book  ?, 


join  BE,  and  in-oduce  it  to  F,  making  EF  =  BE; 
and  join  CF. 

(         AE  =  CE 
In  As  AEB,  CEF,  ]  EB  =  EF 

(  ^  ^^i?  =  L.  CEF; 
L  EAB  =  L  ECF. 
But  ^  ^CZ>  is  greater  than  l  ECF ; 
.'.    L  ACD  is  greater  than  L  EAB. 
Hence,  if  J.  C  be  produced  to  G, 
L  BOG  is  greater  than  z.  ABO. 
But  I.  ACD  =  ^  BCG; 
.•.    L  ACD  is  greater  than  l  ABC. 


I.  3 

Const. 

Const. 

I.  15 

/.  4 


/,  15 


1.  Prove         z  A  less  than  J^-/^,  5£'C,  ACD,  BCG. 

2.  „  /    /^        „         FCD,  FCG,  BEG,  AEF. 

3.  M       L  ABE        M        AEF,  BEG  ACD,  BCG. 

4.  „      /   C5i;        „        ^(7Z),  BCG,  AEB,  CEF. 

5.  ..      L   ACB        „        ^£-5,  CA'/'. 

6.  I,      L   BEG        V        ACD,  BCG. 

7.  .1      z    ^CE"        .,        AEB,  CEF. 

8.  n      z    ECF        ,,        AEF,  BEG. 

9.  Draw  three  figures  to  show  that  an  exterior  angle  of  a  triangle 

may  be  greater   than,   equal   to,  or   less   than   the   interior 
adjacent  angle. 

10.  From  a  point  outside  a  <;iven  straight  line,  there  can  be  drawn 

to  the  straight  line  only  one  perpendicular. 

11.  ABC  is  a  triangle  whose  vertical  z  ^  is  bisected  by  a  straight 

line  which  meets   BC  at   D ;    prove  z  A  DC  greater  than 
L  DAG,  and  z  ADB  greater  than  z  BAD. 
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12.  In  the  figure  to  the  proposition,  if  AF  be  joined,  prove  :    {\)  AF  ^ 

=  BC.    (2)  Area  oi  i\  ABC  =  area  of  A  BCF.     (3)  Area  of 
A  ABF  =  area  of  i\  ACF. 

13.  Hence  construct  on  the  same  base  a  series  of  triangles  of  equal 

area,  whose  vertices  are  equidistant. 

14.  To  a  given  straight  line  there  cannot  be  drawn  more  than  two 

equal  straight  lines  from  a  given  point  without  it. 

15.  Any  two  exterior  angles  of  a  triangle  are  together  greater  than 

two  right  angles. 


PEOPOSITION  17.     Theorem. 

T*he  sum  of  any  two  angles  of  a  triangle  is  less  tiian  two 
right  angles. 


Let  ABC  be  a  triangle  : 
it  is  required  to  jjvove  the  sum  of  any  two  of  its  angles  less 
than  2  rt.  l  s. 

Produce  BG  to  D. 

Then  l  ABC '\%  less  than  l  AGD.  '  /.  16 

.-.     L  ABC  +  L  ACB  is  less  than  l  ACD  +  l  ACB. 

But    L  ACD  +  L  ACB  =  2  rt.  ^  s  ;  /.  13 

.-.     L  ABC  +  L  ACB  is  less  than  2  rt.  z.  s. 

Now  '.  ABC  and  l.  ACB  are  any  two  angles  of  the  triangle  ; 
.-.  the  sun>  of  any  two  angles  of  a   triangle  is  less  than 

2  rt.  L  s. 

I .  Prove  that  in  any  triangle  there  cannot  be  two  right  angles,  or 
two  -obtuse  angles,  or  one  right  and  one  obtuse  angle. 
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2.  Prove  that  in  any  triangle  there  must  be  at  least  two  acute 

angles. 

3.  From  a  point  outside  a  straight  line  only  one  perpendicular  can 

be  drawn  to  the  straight  line. 

4.  Prove  the  ))roposition  liy  joining  the  vertex  to  a  point  inside  the 

base. 

5.  The  angles  at  the  base  of  an  isosceles  triangle  are  both  acute. 

6.  All  the  angles  of  an  equilateral  triangle  are  acute. 

7.  If  two  angles  of  a  triangle  be  unequal,  the  smaller  of  the  two 

must  be  acute. 

8.  The  three  interior  angles  of  a  triangle  are  together  less  than 

three  right  angles. 

9.  The  three  exterior  angles  of  a  triangle  made  by  producing  the 

sides  in  succession,  are  together  greater  than  three  right 
angles. 
Prove  by  indirect  demonstrations  the  following  theorems  : 

10.  The  perpendicular  from  the  right  angle  of  a  right-angled  triangle 

on  the  hypotenuse  falls  inside  the  triangle. 

11.  The  perpendicular  from  the  obtuse  angle  of   an  obtuse-angled 

triangle  on  the  o]>posite  side  falls  inside  the  triangle. 

12.  The  perpendicular  from  any  of  the  angles  of   an  acute-angled 

triangle  on  the  oi>posite  side  falls  inside  the  triangle. 

13.  The  perpendicular  from  any  of  the  acute  angles  of  an  obtuse- 

angled  triaugie  on  the  opposite  side  falls  outside  the  triangle. 


PE0P08ITI0N  18.     Theorem. 

The  greater  side  of  a  triangle  has  the  greater  angle  opposite 
to  it.  A 


Let  ABC  be  a  triangle,  ha^•i]lg  .40  greater  than  AB.- 
it  is  required  to  prove  l  ABC  greater  than  l.  6. 

From  AC  cut  oflf  AD  =  AB,  i.  3 

and  join  BD. 
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Because  l  ADB  is  an  exterior  angle  of  A  BCD, 
.'.    L  ^Z)5  is  greater  than  l  C.  /.  16 

But  L.  ADB  =  L.  ABD,  since  AB  ^  AD ;  /.  5 

.•.    L  ABD  is  greater  than  L  C. 

Much  more,  then,  is  L  ABC  greater  than  l  C. 

1.  If  two  angles  of  a  triangle  be  equal,  the  sides  opposite   them 

must  also  be  equaL 

2.  A  scalene  triangle  has  all  its  angles  unequal. 

3.  If  one  side  of  a  triangle  be  less  than  another  side,  the  angle 

opposite  to  it  must  be  acute. 

4.  A  BCD  is  a  quadrilateral  whose  longest  side  is  AD,  and  whose 

shortest  is   BC.      Prove  i.  ABC  greater  than  l  ADC,  and 
L  BCD  greater  than  z  BAD. 

5.  Prove  the  proposition  by  producing  AB  to  D,  so  that  AD  shall 

be  equal  to  AC,  and  joining  DC. 

6.  Prove  the  proposition  from  the  following  construction  :  Bisect 

I  A   hy  AD,  which  meets  BC  at    D ;    from  AC  out  off 
AE=^AB,  and  join  DE^ 


PEOPOSITIOIT  19.     Theorem. 

The  greater  angle  of  a  triangle  has  the  greater  side  oppoaitt 
to  it. 


Let  ABC  be  a  triangle  having  l  B  greater  than  i.  0: 
it  is  required  to  prove  AC  greater  than  AB. 

If  ^C  be  not  greater  than  AB, 
then  AC  must  be  =  AB,  or  less  than  AB. 
If  AC  =  AB,  then  l  B  =  l  C.  1.  5 

But  it  is  not  : 
.-.  ^C  is  not  =  AB. 
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If  A  C  he  less  than  AB,  tlien  L  B  must  be  less  than  l  C.  /.  1 8 
Hut  it  is  not ; 

.-.  -4(7  is  not  less  than  AB. 
Hence  AC  must  be  greater  than  AB. 

Cor. — The  peri)endicular  is  the  shortest  straight  line  that 
can  be  drawn  from  a  given  point  to  a  given  straight  line ; 
and  of  others,  that  which  is  nearer  to  the  perpendicular  is 
less  than  the  mon^  remote. 


F  D  EG 

from  the  given  point,  A,  let  there  he  drawn  to  the  given 
straight  line,  BC,  (1)  the  perpendicular  AD,  (2)  AE  and 
AF  equally  distant  from  the  perpendicular,  that  is,  so  that 
DE  =  DF,  (3)  AG  more  remote  than  AE  or  AF : 

it  is  required  fo  prove  AD  the  least  of  these  straight  lines, 
and  AG  greater  than  AE  or  AF. 

r          AD^  AD 

In   As  ADE,  ADF,  )  DE  =  DF 

(  L  ADE  =  L  ADF; 
.-.  AE  -  AF. 

Because  a  ADE  is  right,  .•.  l  AED  is  ai.ute; 
.-,  AE  is  greater  than  AD. 
Hence  also  AF  is  greater  than  AD. 

Because  l  AEG  is  greater  than  z.  ADE, 
.'.    L  AEG  is  obtuse  ; 
/,    L  AGE  is  acuto; 
.".  ^6^  is  greater  than  AE. 
Hence  also  AG  \s,  greater  than  AF,  and  than  AD. 


I. 


Hyp. 

Ax.  10 

/.  4 

/.  17 

/.  19 

/.  16 
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1.  The  hypotenuse  of  a  right-angled  triangle  is  greater  than  either 

of  the  other  sides. 

2.  A  diagonal  of  a  square  or  of  a  rectangle  is  greater  than  any  one 

of  the  sides. 

3.  In   an   obtuse-angled  triangle  the  side  opposite  to  the  obtuse 

angle  is  greater  than  either  of  the  other  sides. 

4.  From  ^,one  of  the  angular  points  of  a  square  A  BCD,  a  straight 

line  is  drawn  to  intersect  BC  and  meet  DC  produced  at  E ; 
prove  that  AE  is  greater  than  a  diagonal  of  the  square. 
6.  From  a  point  outside  not  more  than  two  equal  straight  lines  can 
be  drawn  to  a  given  straight  line. 

6.  The  circumference  of  a  circle  cannot  cut  a  straight  line  in  more 

than  two  points. 

7.  ABC  is  a  triangle  whose  vertical  angle  A  is  bisected  by  a 

straight  line  which  meets  BC  at  D  ;  prove  that  AB  is  greater 
than  BD,  and  A  C  greater  than  CD. 


PROPOSITION  20.     Theorem. 
The  sum  of  any  two  sides  of  a  triangle  is  greater  than  the 


A..'-' 


third  side. 


^ 


Let  ABC  ha  a  triangle  : 
it  is  required  to  prove  that  the  sum  of  any  two  of  its  sides  is 
greater  than  the  third  side. 

Produce  BA  to  D,  making  AD  =  AO,  /.  3 

and  join  CD. 

Then  L  ACD  =   l  D,  since  AD  ==  AG.  I.  5 

But  L  BCD  is  greater  than  l  ACD ; 
.•.    L  BCD  is  greater  than  L  D ; 
.-.  BD  is  greater  than  BC.  I.  19 
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But  BD  =  BA  +  AC; 
.'.  BA  +  J.(7i6  greater  than  BC. 

Now  BA  and  A  C  are  any  two  sides ; 
.•.  the  sum  of  any  two  sides  of  a  triangle  is  greater  than 
the  third  side. 

Cor. — The  difference  of  any  two  sides  of  a  triangle  is  lesi 
than  the  third  side. 

For  BA  +  AC\s  greater  than  B^J.  L  20 

Taking  AC  from  each  of  the^x  imequals, 
there  remains  BA  greater  than  BC  -  AC ;  I.  Ax.  5 

that  is,  the  third  side  is  greater  than  tlie  difference  between 
the  other  two. 

1.  Prove  the  proposition  by  producing  CA  instead  of  BA. 

2.  II  II  di-awing    a    perpendicular     from    the 

vertex  to  the  base. 

3.  II  M  bisecting  the  vertical  angle. 

\4  In  the  first  figiire  to  I.  7,  the  sum  oi  AD  and  BC  is  greater  than 
the  sum  of  .4  C  and  BD. 

5.  A  diameter  of  a  circle  is  greater  than  any  other  straight  line  in 

the  circle  which  is  not  a  diameter. 

6.  Any  side  of  a  quadrilateral  is  less  than  the  sum  of  the  other 

three  sides. 

7.  Any  side  of  a  polygon  is  less  than  the  sum  of  the  other  sides. 

8.  The  sum  of  the  distances  of  any  point  from  the  three  angles  of 

a  triangle  is  greater  than  the  semi-perimeter  of  the  triangle. 
Discuss  the  three  cases  when  the  point  is  inside  the  triangle, 
when  it  is  outside,  and  when  it  is  on  a  side. 

9.  The  semi-perimeter  of  a  triangle  is  greater  than  any  one  side, 

and  less  than  any  two  sides. 
10.  The  sum  of  the  two  diagonals  of  any  quadrilateral  is  greater 
than  the  sum  of  any  ixair  of  opposite  sides. 
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11.  The  perimeter  of  a  quadrilateral  is  greater  than  the  suynand 

less  than  twice  the  sum  of  the  two  diagonals. 

12.  The  sum  of  the  diagonals  of  a  quadrilateral  is  less  than  the  sum 

of  the  four  straight  lines  which  can  be  drawn  to  the  four 
angles  from  any  other  point  except  the  intersection  of  the 
diagonals. 

13.  The  sum  of  any  two  sides  of  a  triangle  is  greater  than  twice  the 

median  *  drawn  to  the  third  side,  and  the  excess  of  this  sum 
over  the  third  side  is  less  than  twice  the  median. 
]-4.  The  perimeter  of  a  triangle  is  greater,  and  the  semi-perimatsr  is 
less,  than  the  sum  of  the  three  medians. 


PROPOSITION  21.     Theorem. 

Tf  from  the  ends  of  any  side  of  a  triangle  there  be  drawn  two 
straight  lines  to  a  point  within  the  triangle,  these 
straight  lines  shall  be  together  less  than  the  other  tivo 
sides  of  the  triangle,  but  shall  contain  a  greater  angle. 


Let  ABC  be  a  triangle,  and  from  B  and  C,  the  ends  of 
BC,  let  BD,  CD  be  drawn  to  any  point  D  within  the 
triangle  : 

it  is  required  to  prove   (1)   that   BD  +  CD  is  le^s   than 
AB  +  AC;  (2)  that  l  BDC  is  greater  than  l  A. 

*  Def. — A  median  line,  or  a  median,  is  a  straight  line  drawn  from  any 
Tertex  of  a  triangle  to  the  middle  point  of  the  opposite  side. 


62  Euclid's  elements.  [Book  i, 

A 


Produce  BD  to  meet  AC  aX  E. 

(1)  Because  BA  +  AE  is  greater  than  BE ;  I.  20 
add  to  each  of  these  unequals  EC ; 

.-.  BA  +  AC'is  greater  than  BE  +  EC.  I.  Ax.  4 

Again,  CE  +  ED  is  greater  than  CD  ;  I.  20 

add  to  each  of  these  unequals  DB  ; 

.'.  CE  +  EB\&  greater  than  CD  +  DB,  I.  Ax.  4 

Much  more,  then,  is  BA  +  AC  greater  than  CD  +  DB. 

(2)  Because  CED  is  a  triangle, 

.-.   L  BDCis  greater  than  L  DEC;  I     ■ 

and  because  BAE  is  a  triangle, 

.•.   L  DEC  is  greater  than  l  A  ; 
much  more,  then,  is  l  BDC  greater  than  z.  A 

1.  Prove  the  first  part  of  the  projiosition  br  prod'i  i^^g  CD  instead 

oiBD. 

2.  Prove  the  second  part  of  the  propositicn  by  joining  AD  and 

producing  it. 

3.  In  the  second  figure  to  I.  7,  prove  that  the  perimeter  of  the 

triangle  A  CB  is  greater  than  that  of  A  DB. 

4.  Prove  the  same  thing  with  respect  to  the  third  figure  to  I.  7. 

5.  If  a  j)oint  be  taken  inside  a  triangle  and  joined  to  the  three 

rertices,  the  sum  of  the  three  straight  Hues  so  drawn  shall  be 
less  than  the  perimeter  of  the  triangle. 

6.  If  a  triangle  and  a  quadrilateral  stand  on  the  same  base,  and  on 

the  same  side  of  it,  and  the  one  figure  fall  within  the  other, 
that  which  has  the  greater  surface  shall  hare  the  greater 
perimeter. 
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PROPOSITION  22.     Problem. 

To  make  a  triangle  ilie  sides  of  winch  shall  he  equal  to  three 
(liven  straight  lines,  hut  any  two  of  these  must  he  grmter 
than  the  third. 


Let  A,  B,  C  be  the  three  given  straight  lines,  any  two  of 
which  are  greater  than  the  third  : 

it  is  required  to  make  a  triangle  the  sides  of  which,  shall  he 
respectively  equal  to  A,  B,  C. 

Take  a  straight  line  DE  terminated  at  D,  but  unlimited 
towards  E  ; 

and  from  it  cut  off  DF  =  A,  FG  =  B,  GH  =  C.  /.  3 

With  centre  i^  and  radius  FD,  describe  the  0  DKL; 
with  centre  G  and  radius  GH,  describe  the  0  HKL, 
cutting  the  other  circle  at  K  ; 
join  KF,  KG.  KFG  is  the  triangle  required. 

Because  FK  =  FD,  being  radii  of  0  DKL,      I.  Def  16 
FK  =  A. 
Because      GK  =  GH,  being  radii  of  0  HKL,    L  Def  16 
GK  =  a 

And  FG  was  made  =  B  ; 
.'.A  KFG  has  its  sides  respectively  equal  to  A,  B,  C. 

1.  Could  any  other  triangle  be  constructed  on  the  base  FO  fulfilling 
the  given  conditions? 
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2.  li  A,  B,  C  be  all  equal,  which  preceding  proposition  shall  we 

be  enabled  to  solve  ? 

3.  Draw  a  figure  showing  what  will  happen  when  two  of  the  given 

straight  lines  are  together  equal  to  the  third. 

4.  Draw  a  figure  showing  what  will  happen  when  two  of  the  given 

straight  lines  are  together  less  than  the  third. 

5.  Since   a   quadrilateral   can   be   divided    into   two   triangles   by 

drawing  a  diagonal,  show  how  to  make  a  quadrilateral  whose 
sides  shall  be  equal  to  those  of  a  given  quadrilateral. 

6.  Since  any  rectilineal  figure  may  be  decomposed  into  triangles, 

show  how  to  make  a  rectilineal  figure  whose  sides  shall  be 
equal  to  those  of  a  given  rectilineal  figure. 


PROPOSITION  23.     Problem. 

At  a  given  point  in  a  given  straight  line,  to  make  an  angle 
equal  to  a  given  angle.  x 


C 


B 

Let  AB  be  the  given  straight  line,  A  the  given  point  in 
it,  and  /.  C  the  given  angle  : 
it  is  required  to  make  at  A  an  angle  =   l  C.  , 

In  CD,  CE,  take  any  point.s  D,  E,  and  join  DE. 
Make  A  AFG  such  that  AF=CD,FG  =  DE,  GA  =  EC.  I.  22 

A  is  the  required  angle. 

iAF=  CD  Const. 

In  As  AFG,  CDE,  \aG=  CE  Const 

[EG  =DE;  Const. 

.:  L  A=  L  C.  1.8 
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1.  At  a  given  poiut  in  a  given  straight  line,  to  make  an  angle  equal 

to  the  supplement  of  a  given  angle. 

2.  At  a  given  joint  in  a  given  straight  line,  to  make  an  angle  equal 

to  the  complement  of  a  i  iven  angle. 

3.  If  one  angle  of  a  triangle  is  equal  to  the  sum  of  the  other  two, 

the  triangle  can  b--  divided  into  two  isosceles  triangles. 
^^  4.  The  straight  line  OC  bisects  the  angle  AOB  ;  jirove  that  if  OD 

be  any  other  straight  line  through  0  without  the  angle  AOB, 

the  sum  of  the  angles  DOA  and  DOB  is  double  of  the  angle 

DOC.  ' 
^A5.  The  straight  line  OC  bisects  the  angle  AOB ;  prove  that  if  OD 

be  any  other  straight  line  through  0  within  the  angle  AOB, 

the  ditference  of  the  angles  DOA  and  DOB  is  double  of  the 

angle  DOC. 
J  Construct  an  isosceles  triangle,  having  given  : 
^6.  The  vertical  angle  and  one  of  the  equal  sides. 

7.  The  base  and  one  of  the  angles  at  the  base. 
Construct  a  right-angled  triangle,  having  given  : 

8.  The  base  and  the  perpendicular. 

9.  The  base  and  tlie  acute  angle  at  the  base. 
Construct  a  triangle,  having  given  : 

1.0.  The  base  and  the  angles  at  the  base. 

VI.  Two  sujdes  and  the  included  angle. 

/2.  The  fiase,  an  angle  at  ihe  base,  and  the  sum  of  the  other  two 

sides. 
13.  The  base,  an  angle  at  the  base,  and  the  diflference  of  the  other 

two  sides. 


PEOPOSITIOX  24.     Theorem. 

1/  two  triangles  have  two  sides  of  the  one  respectively  equal 
to  two  sides  of  the  other,  hit  the  contained  angles 
unequal,  the  base  of  the  triangle  which  has  the  greater 
contained  angle  shall  he  greater  than  the  base  of  the 
other.* 

*The  proc'f  given  in  the  text  is  different  from  Euclid's,  -vrhich  is 
defective. 
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Let  ABC,  DEF  be  two  triangles,  having 
AC  =  DF,  but  I.  5^ (7  greater  than  l  EDF: 
it  is  required  to  prooe  BC  greater  than  EF. 

At  D  make  z.  EDG  =   l  BAG; 
cut  off  £)(?  =  ^(7  or  DF, 
and  join  EG. 

Bisect  L  FDG  by  DH,  meeting  EG  at  H ; 
and,  if  F  does  not  lie  on  EG,  join  FH. 


In  As  ABC,  DEG, 


=  DE, 


I.  23 
/.  3 

7.  9 


BA  =  ED 

Hyp. 

AC  =  DG 

Const. 

BAC  =   L  EDG; 

Coiist. 

I.  4 

FD  =  GD 

Const, 

DH  =  DH 

FDH  =   L.  GDH; 

Const. 

I.  4 

BC  =  EG. 


In  As  FDH,  GDH, 


.-.  FH  ^  GH. 

Hence  EH  +  FH  =  EH  +  GH  =  EG. 
liut  EH  +  FH  is  greater  than  EF ; 

.-.  EG  is  greater  than  EF ; 

.  ■ .  i?C  is  greater  than  EF. 

1.  ABC  is  a  circle   whose   centre   is   0.     If 
/  AOB  is  greater  than  z  BOC,  prove 

that  AB  '\B  greater  than  BC. 
'2    In  the  same  figure,  prove  that  -4  C  is  greater 

than  ABoT  BC. 
3.  A  BCD  is  a  quadrilateral,  having  AB  =  CD, 

but  I  BCD  greater  than  z  ABC ;  prove  that  BD is 

than  AC. 


I.  20 
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4.  ABC  is  an  isosceles  triangle,  having  AB  =  AC.     AD  drawn  to 

the  base  BC  does  not  bisect  l  A  ;  prove  that  D  is  at  unequal 
distances  from  B  and  C. 

5.  Prove  the  proposition  with  the  same  construction  as  in  the  text, 

but  let  A  BEG  fall  ou  the  othsr  side  of  BE. 


PSOPOSITIOX  25.     Theorem. 

If  two  triangles  have  two  sides  of  the  one  respectively  equal 
to  two  sides  of  the  other,  hut  their  hoses  unequal,  the 
angle  contained  hy  the  two  sides  of  the  triangle  which 
has  the  greater  hase  shall  be  greater  than  the  angle 
contained  by  the  two  sides  of  the  other. 


IF 

Let   ABC,  DEF  be  two  triangles,  having  AB  =  DE, 
AC  =  DF,  but  base  5(7  greater  than  base  EF : 
it  is  required  to  prove  L  A  greater  than  L  D. 

If  /.  4  be  not  greater  than  L  D,  it  must  be  either  equal 
to  L  D,  or  less  than  l  D. 

But  ^  .4  is  not  =  l  D,  for  then  base  BC  would  be 
=  base  EF,  L  4 

which  it  is  not.  Hyp. 

And  z.  ^  is  not  less  than  :.  D,  for  then  base  BC 
would  be  less  than  base  EF,  /.  24 

which  it  is  not.  Hyp. 

.'.    L  A  must  be  greater  than  z.  D. 

i.  In  the  figure  to  the  first  deduction  on  I.  24,  if  A  B  in  greater 
than  BC,  prove  that  L  A  OB  is  greater  than  z  BOC. 
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■■'  2.  ABCD  is  a  quadrilateral,  having  AB  =  CD,  but  the  Miagonal 
BD  greater  than  the  diagonal  AC;  prove  that  z  DCB  is 
ereater  than  z  A  BC. 

3.  A  BCD  is  a  quadrilateral,  having  AB=  CD,  but  i  BCD  greater 

than  z  ABC;    prove  that  z  Z> J iJ  is  greater  than  z  ADC. 

4.  J  ^CZ)  is  a  quadrilateral,  having  J  ii  =  CD,  but  z  Z>^^  greater 

than  z  ADC;  prove  that  /  i?C-D  is  greater  than  z  ABC. 

5.  ABC  is  a  triangle,  having  ^i>  less  than  AC.     D  is  the  middle 

point  of  BC,  and  ^Z)  is  joined ;  prove  that  z  ADB  is  acute. 
3.  ABC  is  an  isosceles  triangle,  having  AB  =  AC.     D  \s  any  j  o  nt 

such  that  BD  is  greater  than  DC ;  prove  that  AD  does  not 

bisect  z  -4. 
",  .4i?C'  is  a  triangle,  having  AB  less  than  AC,  and  ^Z)  is  the 

median  di-awn  from  A;   prove  that  G,  any  point  in  AD,  is 

nearer  to  B  than  to  C. 


PEOPOSITION  26.     Theorem. 

If  two  angles  and  a  side  in  one  triangle  he  respedicely  equal 
to  two  angles  and  the  corresponding  side  in  anoiher, 
triangle,  the  two  triangles  shall  he  equal  in  every  rei>2-)ect ; 
that  is, 

(1)  The  remaining  sides  of  the  one  triangle  si  tail  he  equal  to 

the  remaining  sides  of  the  other. 

(2)  The  third  angles  shall  be  equal. 

(3)  The  areas  of  the  two  triangles  shaU  Jx  equal. 

Case  1. 


In  As  ABC,  DEF  let   L    ABC  =  l   DEF,  l  ACB 
=  L.  DFE,  and  BC  =  EF : 
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it  is  required  to  prove  AB  =  DE,  AC  =  DP  l  A  =  l  D. 
A  ABC  =  A  DBF. 

If  AB  be  not  =  ]^E,  one  of  them  must  be  t.  le  greater. 

Let  AB  be  the  greater,  and  make  BG  =  DE;  I.  3 
and  join  GC. 

(     GB  =  DE  Const. 

In  As  GBC,  DBF, }     BC  =  EF  H]/j>. 

(   ^  B=  L  E;  Hyp. 

.'.    c  GCB  =  L  DFE.  u  -i. 

But  ^  vlCi?  =  -  DFE;  Hyp. 

.•.    L.  GCB  =  L  ACB,  which  is  impossible. 

Hence  AB  is  not  unequal  to  DE,  that  is,  AB  =  DE. 

(       AB  =  DE  Proved 

Now  in  As  ABC,  DEF, }      BC  =  EF  Hyr. 

i      L  B  =  lE;  Hyp. 

:',  AG  =  DF,  L  A  =  L  DA  ABC  =  A  LEE  I.  4 


In  As  ABC,  DEF  let  l  B  =  l  E,  i.  C  =  L  F,  and 
AB  =  DE: 

it   is  required   to  prove  BC  =  EF,    AC  =  DF,    L  BAC 
-  L  EDF,  A  ABC  =  A  DEF, 

If  BC  be  not  =  EF,  one  of  them  must  be  the  greater. 
Let  BC  be  the  gi-e^-ter,  and  make  BH  ==  EF;  L  3 

lo4  join  4#> 

9 
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(    AB  =  DE  Hyp. 

Irt  As  ABH,  DEF, }    BH  =  EF  Const. 

(   L  B  =  L  E;  Hyp. 

.'.    L  AHB  =  L  DFE.  I.  4 

J^vA.  L  AGB  ^  c  DFE ;  Hyp. 

.'.    L  AHB  =  L  ACB,  which  is  impossible.  /.  16 

Hence  BO  is  not  unequal  to  EF,  that  is,  BC  =  EF. 

i     AB  =  DE  Hyp. 

jSTow  in  A?  ABC,  DEF,  \    BC  =  EF  Proved 

(    L  B  =  L  E;  Hyp. 

.-.  AC  =  DF,  lBAC  =  lEDF,  A  ABG='ADEF.    I.  4 

1.  Prove  the  first  case  of  the  proposition  by  superposition. 

2.  The  straight  line  that  bisects  the  vertical  angle  of  an  isosceles 

triangle    bisects    the    base,    and    is    perpendicular    to    the 
base. 

3.  The  straight  line  drawn  from  the  vertical  angle  of  an  isosceles 

triangle  perpendicular  to  the  base,  bisects  the  base  and  the 
vertical  angle. 

4.  Any  point  in  the  bisector  of  an  angle  is  equidistant  from  the 

arms  of  the  angle. 

5.  In  a  given    straight   line,   find   a   point    such    that    the    per- 

pendiculars drawn  from  it  to  two  other  straight  lines  may  be 
equal. 

6.  Through  a  given  point,  draw  a  straight  line  which  shall  be 

equidistant  from  two  other  given  points. 
7    Tirough  a  given  point,  draw  a  straight  line  which  shall  form 
with    two    given    intersecting   straight   lines    au    isosceles 
triangle. 
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PROPOSITION  A,    Theorem. 

If  two  sides  of  one  triangle  he  respectively  equal  to  two  sides 
of  another  triangle,  and  if  the  angles  opposite  to  one 
pair  of  equal  sides  he  equal,  the  angles  opposite  the 
other  jxiir  of  equal  sides  shall  either  he  equal  or  sup)- 
plementary. 
In  As  ABC,  DBF  let  AB  ^  DE,  AC  =  DF,  l  B  = 
L  E: 

it  is  required  to  prove  either  L  C  —  L  F,  or  L  C  ■{■  l  F 
=  Irt.  Ls. 

L  Ai^  either  =   l  D,  ox  not. 
Case  1.— Wlien  l  A  =  l  D. 

A  D 


Ll  A  =   L  D 
In  As  ABC,  DEF,  \lB=   l  E  Hyp. 

(    AB  =  DE;  Hyp. 

".  As  ABC,  DEF  are  equal  in  all  respects,  and 
L  C  =   L  F.  /.  26 

Case  2. — "When  l  Ah  not  =   l  D. 

A  D 


B  C  E 

At  D  make  l  EDG  =   l  BAG; 


I.  23 
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B  C  E  F  G 

and  let  EF,  produced  if  necessary,  meet  DG  at  G. 

(  lBAC  =   L  EDG  Const. 

In  As  ABC,  DEG,  \  i.  ABC  =   l  DEG  Hyp. 

(        AB  =  DE;  Hyp. 

.-.  AG  =  DG,  and  l  C  =   l  G.  /.  26 

Now       AG  =  DF;  Hyp. 

DF  -  DG; 

.'.  L  DFG  =   L  DGF.  I.  5 

But  L  DFE  Is  supplementary  to  l  DFG;  /.  13 
.-.    L  DFE  is  supplementary  to  l  DGF, 
and  consequently  to  l  C 

Note. — It  often  happens  that  •we  wish  to  prove  two  triangles 
equal  in  all  respects  when  we  know  only  that  two  sides  in  the  one 
are  respectively  equal  to  two  sides  in  the  other,  and  that  the  angles 
opposite  one  pair  of  equal  sides  are  equal.  In  such  a  case,  since  the 
angles  opposite  the  other  pair  of  equal  sides  may  either  be  equal  or 
supplementary,  we  must  endeavour  to  prove  that  they  cannot  be 
supplementary.  To  do  this,  it  will  be  sufficient  to  know 
either  (1)  that  this  imir  are  both  acute  angles, 
or  (2)  that  they  are  both  obtuse  angles, 

or  (3)  that  one  of  them  is  a  right  angle,  since  the  other  must 

then  be  a  right  angle  whether  it  be  equal  or  supplementary  to  it. 

We  can  tell  that  this  pair  of  angles  must  be  both  acute  in  certain 
cases. 

(a)  When  the  pair  of  angles  given  equal  are  both  right  angles, 
(6)  M  IP  M  II  obtuse     II 

(c)  II  II       equal  sides  opposite  the  given  angle?  are 

greater  than  the  other  pair  of  equal  sides.    ' 
Heoce  tbe  following  importaot  Corollary : 
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If  the  hypotenuse  and  a  side  of  one  right-angled  triangle  be 
respectively  equal  to  the  hypotenuse  and  a  side  of  another  right- 
angled  triangle,  the  triangles  shall  be  equal  in  all  respects. 


PEOPOSITION  27.     Theorem. 

If  a  straight  line  cutting  two  other  straight  lines  mak<i  the 
alternate  angles  equal  to  one  another,  the  two  straight 
lines  shall  he  parallel. 


■:;::=-K 


F 


Let  EF,  which  cuts  the  two  straight  lines  AB,  CD,  make 
L  AGH  =  the  alternate  l.  GHD  : 
it  is  required  to  prove  AB  \\  CD. 

If  AB  is  not  II  CD,  AB  and   CD  being  produced  will 
meet  either  towards  A  and  C,  or  towards  B  and  D. 
Let  them  be  produced,  and  meet  towards  B  and  D  at  K. 
Then  KGH  is  a  triangle  ; 

.-.  exterior  l.  AGH  is  greater   than  the  interior 
opposite  L  GHD.  7.  16 

BvA  L  AGH  =  L  GHD;  Hyp, 

■which  is  impossible. 

.*.  AB   and   CD,  when  produced,  do   not   meet   towards 
B  and  D. 

Hence   also,  AB   and  CD,  when  produced,  do   not   meec 
towards  A  and  C," 

.',  ^5  is  II  CD.  I.  Def.  14 
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In  the  figure  to  1.  16  : 

1.  Prove  AB  \\  CF. 

2.  Join  AF,  and  prove  AF  \\  BG. 
In  the  figure  to  I.  28  : 

3.  It  I  AGF  =  I  DHF,  prove  AB  \\  CD. 

4.  If  I  BGE  -  L  CHF,  prove  AB  \\  CD. 

5.  li  I  AGE  +  I  CHF  =  2  rt.   z  s,  prove  AB  \\  CD. 

6.  If  /  BGE  +  I  DHF  =  2  rt   la,  prove  AB  \\  CD. 

7.  The  opposite  sides  of  a  square  are  parallel. 

8.  The  opposite  sides  of  a  rhombus  are  paralleL 

9.  The  quadrilateral  whose  diagonals  bisect  each  other  is  a  l|™ 


PROPOSITION  28.     Theorem. 

If  a  straight  line  cutting  two  othei- straight  lines  make  (1)  an 
exterior  angle  equal  to  the  interior  opposite  angle  on  the 
same  side  of  the  cutting  line,  or  (2)  tJie  two  interior 
angles  on  the  same  side  of  the  cutting  line  together 
equal  to  two  right  angles,  the  two  straight  lines  shall  he 
parallel. 


F 

Case  1. 

Let  EF,  which  cuts  the  two  straight  lines  AB,  CD,  make 
the  exterior  i.  EGB  =  the  interior  opposite  L  GHD : 
it  is  required  to  prove  AB  \\  CD. 

Because  l  EGB  =  l  GHD,  Hyp. 
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and  L  EGB  =  L  AGH,  being  Yei'tically  opposite;      /.  15 

.-.    L  AGH  =  L  GHD; 
and  tliey  are  alternate  angles ; 

.-.  AB  is  II  CD.  L  27 

Case  2. 
Let  EF,  which  cuts  the  two  straight  lines  AB,  CD,  make 

L.  BGH  +  L.  GHD  =  2  rt.  ^  s : 
it  is  required  to  prove  AB  ||  CD. 

Because  l  BGH  +  l  GHD  =  2  rt.  ^  s,  Hyp. 

and  ^  AGH  +  l  BGH  =  2  rt.   ^s;  /.  13 

.-.    L  AGH  +  L  BGH  =  L  BGH  +  l  GHD. 
From  these  equals  take  L  BGH,  which  is  common ; 

.-.    L  AGH  =  L  GHD;  I.  Ax.  3 

and  they  are  alternate  angles  ; 

.-.  AB  is  II  CD.  I.  27 

Cor.— Straight  lines  which  are  perpendicular  to  the  same 
straight  line  are  parallel. 

1.  If  z  BGE  +  I  DHF  =  2  rt.   i  s,  prove  AB  \\  CD. 
-*  2.  If  L  AGE  +  I  CHF  =  2  rt.   z  s,  prove  AB  \\  CD. 

Z.  "ii  L  AGE  =  /.  DHF,  prove  AB  ||  CD. 
-4.  If  z  BGE  =  z  CHF,  prove  AB  \\  CD. 

5.  The  opposite  sides  of  a  square  are  parallel. 
^.  ABCD  is  a  quadrilateral  having  z  A  and  z  B  supplementary, 
as  well  as  z  5  and  L  C ;  prove  that  it  is  a  |t™. 


PEOPOSITION  29.     Theorem.     c.^T^yiA^^-a^  '^      /' 

TjT  a  straight  line  cut  tioo  parallel  straight  lines,  it  shall 
make  (1)  the  alternate  angles  equal  to  one  another  ; 
(2)  any  exterior  angle  equal  to  the  intenor  opposite 
angle  on  the  same  side  of  the  cutting  line  ;  (3)  the  two 
interior  angles  on  the  same  side  of  the  cutting  line  equal 
to  two  right  angles. 
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Let  EF  cut  the  two  parallel  straight  lines  AB,  CD: 
it  is  required  to  prove  : 

(1)  L  AGH  =  alternate  l.  GHD; 

(2)  exterior  l  EGB  =  interior  opposite  l.  GHD; 

(3)  L  BGH  +  L  GHD  =  2  rt.  l  s. 

(1)  If  L  AGH   be    not  -    l  GHD,     make  i.  KGH  = 
L.  GHD,  L  23 

and  produce  KG  to  L. 

Because  z.  KGH  =  alternate  z.  GHD,  Const. 

.-.  KL  II  CD.  I.  27 

But  AB  is  also  ||  CD;  Hyp. 

.'.  AB  and  KL,  which  cut  one  another  at  G,  are  both  ||  CD, 
which  is  impossible.  /.  Ax.  1 1 

.*.  L  AGH  is  not  uneqvaal  to  i.  GHD ; 

.'.  L  AGH  =  L  GHD. 

(2)  Because  l  AGH  =  l  GHD,  Proved 
and   L  AGH  =   l  EGB,  being  vertically  oppo^te  ;      /.  15 

.-.     L  EGB  =  L  GHD. 

(3)  Because  l  AGH  =  l  GHD ;  Prmed 
to  each  of  these  equals  add  ^  BGH ; 

.-.    L  AGH  +  L  BGH  =  L  BGH  +  l  GHD.     J.  Ax.  2 
But  L  AGH  +   L  BGH  =  2  rt.  ^  s ;  /.  13 

.-.    L  BGH  +  L  GHD  =  2  rt.  ^  s. 
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Cor. — If  a  straight  line  meet  two  others,  and  make  with 
them  the  two  interior  angles  on  one  side  of  it  together  less 
than  two  right  angles,  these  two  other  straight  lines  will, 
if  produced,  meet  on  that  side.  JosT  L   ^^  CuU-l  ^ 

Let  KL  and  CD  meet  EF  and  make  l  KGH  +  L  CHG 
less  than  2  rt.  lb: 

it  is  required  to  prove  that  KG  and  CH  ivilJ,  if  produced, 
meet  towards  K  and  C. 

If  not,  KL  and  CD  must  either  be  parallel,  or  meet 
towards  L  and  D. 

(1)  KL  and  CD  are  not  parallel ; 

for  then  L  KGH  +  l  CHG  would  be  =  2  rt.  ^  s.        /.  29 

(2)  KL  and  CD  do  not  meet  towa  'ds  L  and  D  ; 

for  then  z.  s  LGH,  DHG  would  form  angles  of  a  triangle, 
and  would  .-.be  together  less  than  2  rt.  z.  s.  /.  17 

Now  since  the  four  ^  s  KGH,  CHG,  LGH,  DHG  are 
together  =  4  rt.  z.  s,  7.  1 3 

and  the  first  two  are  less  than  2  rt.  /.  s ;  Hyp. 

.".  the  last  two  must  be  greater  than  2  rt.  z.  s. 
Hence  KL  and  CD  must  meet  towards  K  and  O. 
[This  Cor.  is  the  converse  of  I.  17.] 

JV  1.  In  the  diagram  to  I.  28,  if  AB  is  H  CD,  prove  i  AGE  =  i  DHI, 
^  and  L  BGE  +  i  DHF  =  2  rt.  z  s. 

/^.  If  a  straight  line  be  perpendicular  to  one  of  two  parallels,  it  is 

also  jierpendicnlar  to  the  other. 
V^  3.  A  straight  line  drawn  parallel  to  the  base  of  an  isosceles  triangle, 
and  meeting  the  sides  or  the  sides  produced,  forms  with  them 
,  another  isosceles  triangle. 

r^.  If  the  arms  of  one  angle  be  respectively  parallel  to  the  arms  of 
another  angle,  the  angles  are  either  equal  or  sujiplementary. 
Distinguish  the  cases. 
5.  Is  it  always  true  that  if  two  angles  be  equal,  and  an  arm  nf  the 
one  is  parallel  to  an  arm  of  the  other,  the  other  arms  must  be 
parallel  ? 
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6.  If  any  straight  line  joining  two  parallels  be  bisected,  any  other 

straight    line    drawn    through   the    point   of   bisection   and 
terminated  by  the  parallels  will  be  bisected  at  that  point. 

7.  The  two  straight  lines  in  the  last  deduction  will  intercept  equa 

portions  of  the  jiarallels. 

8.  If  through  the  vertex  of  an  isosceles  triangle  a  parallel  be  drawn 

to  the  base,  it  will  bisect  the  exterior  vertical  angle. 

9.  If  the  bisector  of  the  exterior  vertical  angle  of  a  triancrle  be 

parallel  to  the  base,  the  triangle  is  isosceles. 

10.  The  diagonals  of  a  ||™  bisect  each  other. 

11.  Prove  that  by  the  following  construction  l  ACB  is  bisected  :  In 

A G  take  any  point  D  ;  draw  DE  ±  AC,  and  meeting  CB  at  K 
From  £  draw  HF  x  DE  a,nd  =  EC;  join  CF. 


PROPOSITION  30.     Theorem. 

Straight  lines  isliich  are  parallel  to  the  same  straight  line 
are  parallel  to  one  another. 

A  B 

C  D 

E  F 

Let  AB  and  CD  be  each  of  them  ||  EF : 
it  is  required  to  prove  AB  \\  CD. 

If  AB  and  CD  be  not  parallel,  they  will  meet  if  pro- 
duced ;   and  then  two  straight  lines  which  intersect  eacli 
other  will  both  be  ||  the  same  straight  Line,  which  is  im- 
possible. /.  Ax.  11 
.-.  AB  is  II  CD. 

1,  Two  11"^  are  situated  either  on  the  same  side  or  on  different  sides 

of  a  common  base.     Prove  that  the  sides  of  the  ||""  which  are 
opposite  the  common  base  are  ||  each  other. 

2.  Prove  the  proposition  in  Euclid's  manner  by  drawing  a  straight 

line  OHK  to  cut  AB,  CD,  and  EF,  and  applying  1.  29,  27. 
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PROPOSITION  31.     Problem. 

Through  a  given  point  to  draw  a  straight  line  parallel  to  a 
gimi  straight  line. 

E ^ ^F 


B ^ 0 


Let  A  be  the  given  point,  and  BC  the  given  straight  line  : 
it  is  required  to  draw  through  A  a  straight  line  \\  BC. 

In  BC  take  any  point  D,  and  join  AD; 
at  A  make  l  DAE  =  l  ADC;  7.  23 

and  produce  EA  to  F.  EF  shall"  be  ||  BC. 

Because  the  alternate  l  s  EAD,  ADC  are  equal, 
.'.  EF  is  \\BC:  7.27 

1.  Give  another  construction  for  the  proposition  by  means  of  I.  12, 

11,  and  a  proof  by  means  of  I.  28. 

2.  Through  a  given  point  draw  a  straight  line  making  with  a  given 

straight  line  an  angle  equal  to  a  given  angle. 

3.  Through  a  given  point  draw  a  straight  line  which  shall  form 

with  two  given  intersecting  straight  lines  an  isosceles  tri- 
angle. 

4.  Through  a  given  point  draw  a  straight  line  such  that  the  part 

of  it  intercepted  between  two  parallels  may  be  equal  to  a 
given  straight  line.  May  there  be  more  than  one  solution  to 
this  problem  ?    Is  the  problem  ever  impossible  ? 


PROPOSITION  32.     Theorem. 

If  a  side  of  a  triangle  he  produced,  the  exterior  angle  is 
equal  to  the  sum  of  the  two  interior  opposite  angles, 
and  the  sum  of  the  three  interior  angles  is  equal  to  two 
right  angles. 
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-B 


C 

Let  ABC  be  a  triangle  having  BC  produced  to  D  : 
it  u  required  to  prove  (1)  l  ACD  =  l  A  +  L  B ; 

{2)  L  A+  lB+  L  ACB  =  2  rt.  z.  s. 

Through  C  draw  CE  \\  AB.  I.  31 

(1)  Because  AC  meets  the  parallels  AB,  CE, 

.-.   L  A  =  alternate  l  ACE.  I.  29 

Because  BD  meets  the  parallels  AB,  CE, 
.'.  interior  L  B  =  exterior  l  ECD ;  /.  29 

.'.  L  A  +  L  B  =  L  ACE  +  L  ECD,       '  — 

=  L  ACD. 

(2)  Because  l  A  +  L  B  =  L  ACD ;  .  Proved 
adding  L  A  CB  to  each  of  these  equals, 

.'.  ^  A  +  L  B  +   L  ACB  =  L  ACD  +  l  ACB, 

=  2rt.  ^s.  /.  13 

Cor.  1. — If  two  triangles  have  two  angles  of  the  one 
respectively  equal  to  two  angles  of  the  other,  they  are 
mutually  equiangular. 

For  the  third  angles  differ  from  2  rt.  z.  s  by  equal  amounts ; 
.•.  the  third  angles  are  equal. 

Cor.  2. — The  interior  angles  of  a  quadri- 
lateral are  equal  to  four  right  angles. 

For  the  quadrilateral  ABCD  may  be 
divided  into  two  triangles  by  joining  ^C; 
and  the  six  angles  of  the  two  As  ABC,  ^' 
ACD  =  4rt.  Ls.  7.32 
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But  the  six  angles  of  the  two  triangles  =  the  interior  angles 
of  the  quadrilateral ; 
.-.  the  interior  angles  of  the  quadrilateral 

Cor.  3. — A  five-sided  figure  may 
be  divided  into  three  (that  is,  5  —  2) 
triangles  by  drawing  straight  lines 
from  one  of  its  angular  points. 
Similarly,  a  six-sided  figure  may  be 
divided  into  four  (that  is,  6-2) 
triangles  ;  and  generally  a  figin-e  of  n 
sides  may  be  divided  into  (w  -  2)  triangles. 

Hence,  by  a  proof  like  that  for  the  quadrilateral, 
the  interior  /.  s  of  a  five-sided  figure        =  6  rt.  ^  s  ; 

r,  H        six-sided      »  =  8  rt.  ^s;  and 

»  H        figure  with  n  sides  =  (2«  —  4)  rt.  l  s. 

1.  If  an  isosceles  triangle  be  right-angled,  each  of  the  base  angles 

is  half  a  right  angle. 

2.  If  two  isosceles  triangles  have  their  vertical  angles  equal,  they 

are  mutually  equiangular. 

3.  If  one  angle  of  a  triangle  be  equal  to  the  sum  of  the  other  two, 

it  must  be  right. 

4.  If  one  angle  of  a  triangle  be  greater  than  the  sum  of  the  other 

two,  it  must  be  obtuse. 

5.  If  one  angle  of  a  triangle  be  less  than  the  sum  of  the  other  two, 

it  must  be  acute. 

6.  Divide  a  right-angled  triangle  into  two  isosceles  triangles. 

7.  Hence  show  that  the  middle  point  of  the  hypotenuse  of  a  right- 

angled  triangle  is  equidistant  from  the  three  vertices. 

8.  Hence  also,  devise  a  method  of  drawing  a  perpendicular  t/>  - 

given  straight  line  from  the  end  of  it  without  producing  tlit, 
straight  line. 

9.  Each  angle  of  an  equilateral  triangle  is  two-thirds  of  a  right  angla, 
10.  Henee  show  how  to  trisect  *  a  right  angle, 

*  It  is  sometimes  stated  that  the  problem  to  trisect  ani>  angle  is  beyond 
the  power  of  Geometry.  This  is  not  the  case.  The  problem  is  beyond 
:lie  power  of  Elementary  Geometry,  which  allows  th,§  u?e  >^f  only  tlja 
iul«r  and  the  6ompa.:g(:s, 
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1 1.  Prove  the  second  part  of  the  proposition  by  drawing  through  A 

a  straight  line  DAE  \\  BC.     (The  Pythagorean  proof.) 

12.  If  any  of  the  angles  of  an  isosceles  triangle  be  two-thirds  of  a 

right  angle,  the  triangle  must  be  equilateral. 

13.  Each  of  the  base  angles  of  an  isosc^eles  triangle  equals  half  the 

exterior  vertical  angle. 

14.  If  the  exterior  vertical  angle  of  an  isosceles  triangle  be  bisected, 

the  bisector  is  ||  the  base. 

15.  Show  that  the  space  round  a  point  can  be  filled  up  with  six 

equilateral  triangles,  or  four  squares,  or  three  regular  hexagons. 

16.  Can  a  right  angle  be  divided  into  any  other  number  of  equal 

parts  than  two  or  three  ? 

17.  In  a  right-angled  triangle,  if  a  perpendicular  be  drawn  from  the 

right  angle  to  the  hypotenuse,  the  triangles  on  each  side  of 
it  are  equiangular  to  the  whole  triangle  and  to  one  another. 
IS.  Prove  the  seventh  deduction  indirectly ;   and  also  directly  by 
producing  the  median  to  the  hypotenuse  its  own  length. 

19.  If  the  arms  of  one  angle  be  respectively  perpendicular  to  the 

arms  of  another,  the  angles  are  either  equal  or  supplementary. 

20.  Prove  Cor.  3  by  taking  a  point  inside  the  figure  and  joining  it 

to  the  angular  points. 


PROPOSITION  33.     Theorem. 

The  straight  lines  which  join  the^nds  of  two  equal  and 
parallel  straight  lines  towards  the  same  parts,  are 
themselves  equal  and  parallel. 


C  D 

Let  AB  and  CD  be  equal  and  parallel : 
it  is  required  to  p)'>'ove  AC  and  BD  equal  and  parallel. 

Join  BC. 

Because  BC  meets  the  parallels  AB,  CD, 
\    I.  ABC  =  alternate  L  DCB.  J.  29 
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(         AB  =  DO  Hyp. 
In  As  ABC,  DCB,  \         BC  =  CB 

(  L  ABC  =  L  DOB;  Proved 
.'.  AC  =  DB,  L  ACB  =  L  DBC.  I.  4 
Because  CB  meets  ^C  and  BD,  and  makes  the  alter- 
nate L  s  ACB,  DBG  equal ;  Proved 
.-.  AG\&\\BD.  I.  27 

1.  State  a  converse  of  this  proposition. 

2.  K  a  quadrilateral  have  one  pair  of  opposite  sides  equal  and 

parallel,  it  is  a  li™. 

3.  What  statements  may  be  made  about  the  straight  hues  which 

join  the  ends  of  two  equal  and  parallel  straight  lines  towards 
opposite  parts  ? 


PROPOSITION  34.     Theorem. 

A  parallelogram  has  its  opposite  sides  and  angles  equals  and 
is  bisected  by  either  diagonal. 


Let  ACDB  be  a  ^  of  which  BC  is  a  diagonal : 
it  is  required  to  prove  that  the  opposite  sides  and  angles  oj 
ACDB  are  equal,  and  that  A  ABC  =  A  DOB. 

Because  BC  meets  the  parallels  AB,  CD, 
.-.    L  ABC  =  alternate  l  DCB  ;  I.  29 

And  bepause  BC  meets  the  parallels  AC,  BD^ 
.-.    /-  ACB  =  alternate  l  DBG.  I.  29 

(  I.  ABC  =  i.  DCB  Proved 

In  As  ABC,  DCB,  \  i.  ACB  =  l  DBG  Proved 

(         BC =  GB; 
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.-.  AB  =  DC,  AG  =  DB,  l  BAC  =  l  CDB, 
A  ABC  =  A  DCB.  I.  26 

Again  because  l  ABC  was  proved  =  /.  DCB,  I.  29 

and  L  DBCwas  proved  =  l  ACB;  I.  29 

.•,  the  whole  l  ABD  =  the  whole  L  DC  A. 

Cor. — If  the  arms  of  one  angle  be  respectively  parallel  to 
the  arms  of  another,  the  angles  are  either  (1)  equal  or  (2) 
supplementary. 

For  (1)    z.  BAG  has  been  proved  =  z.  CDB  ;         ^ 

and  (2)  if  BA  be  produced  to  E, 

L  EAC,  which  is  supplementary  to  L  BAG,  /.  13 

must  be  supplementary  to  z.  CDB. 

1.  If  two  sides  of  a  1|"  which  are  not  opposite  to  each  other  be 

equal,  all  the  sides  are  equal. 

2.  If  two  angles  of  a  11"*  which  are  not  opposite  to  each  other  be 

equal,  all  the  angles  are  right. 

3.  If  one  angle  of  a  H""  be  right,  all  the  angles  are  right. 

4.  If  two  11°"  have  one  angle  of  the  one  =  one  angle  of  the  other, 

the  11""'  are  mutuallj'  equiangular. 

5.  If  a  quadrilateral  have  its  opposite  sides  equal,  it  is  a  H". 

6.  If  a  quadrilateral  have  its  opposite  angles  equal,  it  is  a  H". 

7.  If  the  diagonals  of  a  ||™  be  equal  to  each  other,  the  H™  is  a 

rectangle. 

8.  If  the  diagonals  of  a  H™  bisect  the  angles  through  which  they 

pass,  the  H""  is  a  rhombus. 

9.  If  the  diagonals  of  a  \r  cut  each  other  perpendicularly,  the  r  is 

a  rhombus. 
10.  If  the   diagonals  of  a  r  be  equal  and  cut  each  other  peqien- 

dicularly,  the  r  w  a  square. 
Jl.  Show  how  to  biwct  ft  8trai|;ht  lio«  by  wewj»  of  a  pwr  of  paraUw 
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12.  Every   straight   line   drawn   tliroiigh  the   intersection  of   the 

diagonals  of  a  H",  and  terminated  by  a  pair  of  opposite  sides,  is 
bisected,  and  bisects  the  H"". 

13.  Bisect  a  given  ||°'  by  a  straight  line  drawn  through  a  given  point 

either  within  or  without  the  H"". 

14.  The  straight  line  joining  the  middle  points  of  any  two  sides  of  a 

triangle  is  ||  the  third  side  and  =  half  of  it. 

15.  If  the  middle  points  of  the  three  sides  of  a  triangle  be  joined 

with  each  other,  the  four  triangles  thence  resulting  are  equal. 

16.  Construct  a  triangle,  having  given  the  middle  points  of  its  three 

sides. 


PROPOSITION  35.  Theorem. 

Parallelograms   on   the   name    base  and  between  the  same 
parallels  are  equal  in  area. 

A D      E  F  A      E  D      F 


B  C  B  C 

Let  ABCD,   EBCF  be   ||"»  on  the  same  base  BC,  and 
between  the  same  parallels  AF,  BC : 
it  is  required  to  prove  H"  ABCD  =  ||"  EBCF. 

Because  AF  meets  the  parallels  AB,  DC, 
.'.  interior  l  A  =  exterior  l  FDC ;  1.  29 

and  because  AF  meets  the  parallels  EB,  FC, 
.'.  exterior  L  AEB  =  interior  L  F.  J.  29 

I  L  EAB  =  L  FDC  Proved 

In  As  ABE,  DCF,  ]  i.  AEB  =  l  DEC  Proved 

i         AB  =  DC;  I.  34 

.-.  A  ABE  =  A  DCF.  I.  26 

Hence   quadrilateral  ABCF  -  A  ABE 
=  quadrilateral  ABCF  -  A  DCF; 
ir  EBCF  =  ir  ABCD. 
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Note. — This  proposition  affords  a  means  of  measuring  the  area  of 
a  11™  ;  thence  (by  I.  34  or  41)  the  area  of  a  triangle  ;  ami  thence  (\>y 
I.  37,  Cor. )  the  area  of  any  rectilineal  figure.  For  the  area  of  any 
II'"  =  the  area  of  a  lectangle  on  the  same  base  and  between  the  same 
parallels  ;  and  it  is,  or  ought  to  be,  explained  in  books  on  Mensura- 
tion, that  the  area  of  a  rectangle  is  found  by  taking  the  })roduct  of 
its  length  and  breadth.  This  phrase  'taking  the  product  of  its 
length  and  breat'iUi/  means  that  the  numbers,  whether  integral  or 
not,  which  express  the  length  and  breadth  in  terms  of  the  same 
linear  unit,  are  to  be  juiultiplied  together.  Hence  the  method  of 
finding  the  area  .if  t^  ii"»  is  to  take  the  product  of  its  base  and 
altitude,  the  altitude  being  defined  to  be  the  perpendicular  drawn 
to  its  base  from  any  point  in  the  side  opposite. 

\.  Prove  the  proposition  for  the  case  when  the  points  Z)  and  E 
coincide. 

2.  Equal  jl""  en  the   same  base  and  on  the  same  side  of  it  are 

between  the  same  parallels. 

3.  If  through  the  vertices  of  a  triangle  straight  lines  be  drawn  ||  the 

opposite  sides,  and    produced  till  they  meet,  the  resulting 
figure  will  contain  three  equal  H""^. 

4.  On  the  same  base  and  between  the  same  parallels  as  a  given  ||™, 

construct  a  rhombus  =  the  ||™. 
5r  Prove  the  equality  of  A  s  ABE  and  DCF  in  the  proposition  by 
I.  4  (as  Euclid  does),  or  by  I.  8,  instead  of  by  I.  26. 


PROPOSITION  36.     Theorem. 
Parallelograms  on  equal  hase^  and  heticeen  the  same  parallels 
arc  equal  in  area. 

A D  E  TT 


B  OF  G 

Let  ABCD,  EFGH  be  \r  or   equal  bases  BC,  FG,  and 
batween  the  same  parallels,  AH,  •■■■G: 
it  is  required  to  prove  \^  ABCD  -    H""  EFGH. 
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Join  BE,  CH. 

Because  BG  =  FG,  and  FG  =  EH,  Hyp.,  I.  34 

.-.  BG  =  EH. 
And  because  BG  is  \\  EH, 

.-.  EB  is  II  HG;  J.  33 

.-.  EBGHisar.  I.  Def.  33 

Now  y"  ABGD  =  r  EBGH,  being  on  the  same  base 
BG,  and  between  the  same  parallels  BG,  AH ;  I.  35 

and  IP  EFGH  =  H™  EBGH,  being  on  the  same  base 
^^,  and  between  the  same  parallels  EH,  BG ;  I.  35 

.-.  W"^  ABGD  =  W"'  EFGH. 

1.  Prove  the  proposition  by  joining  AF,  DG  instead  of  BE,  CH. 

2.  Divide  a  given  ||™  into  two  equal  |1"^. 

3.  In  how  many  ways  may  this  be  done  ? 

4.  Of  two  11°^  which  are  between  the  same  parallels,  that  is  the 

greater  which  stands  on  the  greater  base. 

5.  State  and  prove  a  converse  of  the  last  deduction. 

6.  Ec[ual  ll""  situated  betwe«u  the  same  parallels  have  equal  bases. 


PKOPOSITION  37.     Theorem. 

Triangles  on  the  same  hose  and  between  the  same  parallels 
are  equal  in  area. 

E  A p F 


B  0 

Let  ABG,  DBG  be  triangles  on  the  same  base  BC,  and 
between  the  same  parallels  AD,  BG: 
it  is  required  to  prove  A  ABG  =  A  DBG. 
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Through  B  draw  BE  \\  AC,  and  through  C  draw  CF 
II  BD;  /.  31 

and  let  them  meet  AD  produced  at  E  and  F. 

Then  EBGA,  DBCF  are  Ip ;  I-  Def.  33 

and  II"  EBCA  =  H""  DBCF,  being  on  the  same  base  BC, 
and  between  the  same  parallels  BG,  EF.  I.  3b 

But  A  ABC  =  half  of  |r  EBCA,  -     /.  34 

and  A  DBC  =  half  of  H"  Z>5Ci^;  /.  34 

.-.   A  ^^a  =  A  DBC.  CV)L  7  . 

Cor. — Hence  any  rectilmeal  figure  may  be  converted  into 
an  equivalent  triangle. 


Let  ABCDE  be  any  rectilineal  figure  : 
it  is  required  to  convert  it  into  an  equivalent  triangle. 

Join  AC,  AD; 
through  B  draw  BF \\  AC,  through  E  draw  EG  \\  AD,     I.  31 
and  let  them  meet  CD  produced  at  F  and  (?. 
Join  AF^  AG,  AFG  is  the  required  triangle. 
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For  A  AFC  =  A  ABC,  and  A  AGD  «  A  AED  ;  I.  37 
.-.  A  AFC  +  A  ACD  +  A  AGD  =  A  ABC  +  /\ACD 
+  A  AED. 
.:  A  AFG  =  figure  ABCDE. 

1.  ABC  is  any  triangle ;  DE  is  drawn  ||  the  base  BC,  and  meets 

^5,  AC  at  Z)  and  i7;    BE  and  CD  are  joined.       Prove 
A  DBC  =  A  EBC,  A  JSZ)^  =  A  CED,a.n6i  a  ^£J5;  =  a  ^CZ>. 

2.  A  BCD  is  a  quadrilateral  having  AB  \\  CD  ;  its  diagonals  AC, 

BD  meet  at  O.     Prove  A  ^OZ)  =  A  fiOC. 

3.  In  what  case  would  no  construction  be  necessary  for  the  proof 

of  this  proposition  ? 

4.  Convert  a  quadrilateral  into  an  equivalent  triangle. 

5.  ABC  is  any  triangle,  D  a  point  in  AB ;  find  a  points  in  BC 

^educed  such  that  A  DBE  =  A  ABC. 


PEOPOSITION  38.     Theorem. 

Triangles  on  equal  bases  and  between  the  same  parallels  are 
equal  in  area. 


B  C         E  F 

Let  ABC,  DEF  be  triangles  on  equal  bases  BC,  EF,  and 
between  the  same  parallels  AD,  BF: 
it  is  required  to  prove  A  ABC  =  A  DEF. 

Through    B    draw    BG   ||   AC,    and    through   F  draw 
FH  II  DE;  L  31 

and  let  them  meet  AD  produced  at  G  and  H. 

Then  GBCA,  DEFH  are  \\^' ; 
and  r  GBCA  =  ||"'  DEFH,  being  on  equal  bases  BC,  EF, 
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and  between  the  same  parallels  BF,  GH.  J.  36 

But  A  ABC  =  half  of  H""  GBGA,  I.  34 

and  A  DEF  =  half  of  |r  DEFH ;  I.  34 
.-.  A  ABC  =  A  DEF.              ci/yL  .^ 

Cor. — The  straight  line  joining  any  vertex  of  a  triangle 
to  the  middle  point  of  the  opposite  side  bisects  the  triangle. 
Hence  the  theorem  :  If  two  triangles  have  two  sides 
of  the  one  respectively  equal  to  two  sides  of  the  other  and 
the  contained  angles  supplementary,  the  triangles  are  equal 
in  area. 

1.  Of  two  triangles  which  are  between  the  same  parallels,  that  ia 

the  greater  which  stands  on  the  greater  base. 

2.  State  and  prove  a  converse  of  the  last  deduction. 

3.  Two  triangles  are  between  the  same  parallels,  and  the  base  of 

the  first  is  double  the  base  of  the  second ;  prove  the  first 
triangle  double  the  second. 

4.  The  four  triangles  into  which  the  diagonals  divide  a  |i™  are  equal. 

5.  If  one  diagonal  of  a  quadrilateral  bisects  the  other  diagonal,  it 

also  bisects  the  quadrilateral. 

6.  ABCD  is  a  ll""  ;  E  is  any  point  in  AD  ov  AD  produced,  and  F 

any  point  in  BG  or  BC  produced ;  AF,  DF,  BE,  CE  are 
joined.     Prove  A  AFD=  A  BEG. 

7.  ABG  is  any  triangle;  L  and  K  are  the  middle  points  ol  AB 

and  AG ;  BK  and  GL  are  drawn  intersecting  at  O,  and  A G 
is  joined.     Prove  A  BOG  =  h  AGG  =  h  AOB. 

8.  ABGD  is  a  11"  ;  P  is  any  point  in  the  diagonal  BD  or  BD  pro- 

duced, and  PA,  PG  are  joined.     Prove   A  PAB  =  a  PGB, 
a.ni  A  PAD  =  A  PGD. 

9.  Bisect  a  triangle  by  a  straight  line  drawn  from  a  given  point  in 

one  of  the  sides. 
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PEOPOSITION  39.     Theorem. 

Equal  triangles  on  the  same  side  of  the  same  base  are  between 
the  same  parallels. 

Arc -yv^ 


Let  As  ABC,  DBC  on  the  same  side  of  the  S9'^ie  base 
BC  be  equal,  and  let  AD  be  joined  : 
it  is  required  to  prove  AD  \\  BC. 

If  AD  is  not  II  BC,  through  A  draw  AE  \\  BC,  I.  31 

meeting  BD,  or  BD  produced,  at  E,  and  join  EC. 

Then  A  ABC  =  A  EEC.  I.  37 

But  A  ABC  =  A  DBC;  Hyp. 

A  EBC  =  A  DBC; 
which  is  impossible,  since  the  one  is  a  part  of  the  other. 
.-.  AD  is  II  BC. 

1.  The  straight  line  joining  the  middle  points  of  two  sides  of  a 

triangle  is  ||  the  third  side,  and  =  half  of  it. 

2.  Hence  prove  that  the  straight  line  joining  the  middle  point  of 

the  hypotenuse  of  a  right-angled  triangle  to  the  opposite 
vertex  =  half  the  hypotenuse. 

3.  The  middle  points  of  the  sides  of  any  quadrilateral  are  the 

vertices  of  a  i|™,  whose  perimeter  =  the  sum  of  the  diagonals 
of  the  quadrilateral.  When  will  this  ||™  be  a  rectangle,  a 
rhombus,  a  square  ? 

4.  If  two  equal  triangles  be  on  the  same  base,  but  on  opposite  sides 

of  it,  the  straight  line  which  joins  their  vertices  will  be 
bisected  by  the  base. 

5.  Use  the  first  deduction  to  solve  I.  .SI. 
G.  In  the  figure  to  I.  16,  prove  AF  \\  BC. 

7.  If  a  quadrilateral  be  bisected  by  each  of  its  diagonals,  it  is  a  ||™. 

8.  Divide  a  given  triangle  into  four  triangles  which  shall  be  equal 

in  every  respect. 
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PKOPOSITION  40.     Theorem. 
Equal  triangles  on  ihe  same  side  of  equal  bases  which  are  in 
the  same  straight  line  are  hetiveen  the  same  parallels. 


B  C  E  F 

Let  As  ABC,  DEF,  on  the  same  side  of  the  equal  bases 
BC,  EF,  which  are  in  the  same  straight  line  BF,  be  equal, 
and  let  AD  he  joined  : 
it  is  required  to  prove  AD  \\  BF. 

K  AD  is  not  ||  BF,  through  A  draw  AG  ||  BF,  I.  31 

meeting  DE,  or  DE  produced,  at  G,  and  join  GF. 

Then  A  ABC  =  A  GEF.  I.  38 

But  A  ABC  =  A  DEF;  Hyp. 

A  GEF  =  A  DEF; 
which  is  impossible,  since  the  one  is  a  part  of  the  other. 
.-.  AD  is  II  BF. 

1.  Prove  the  proposition  by  joining  AE  and  AF. 

2.  Prove  the  proposition  by  joining  DB  and  DC. 

3.  Any  number  of  equal  triangles  stand  on  the  same  side  of  equal 

b  "es.     If  their  bases  be  in  one  straight  line,  their  vertices 
will  also  be  in  one  straight  line. 

4.  Equal  triangles  situated  between  the  same  parallels  have  equal 

bases. 

5.  Trapeziums  on  the  same  base  and  between  the  same  parallels 

are  equal  if  the  sides  opposite  the  common  base  are  equal. 

6.  The  median  from  the  vertex  to  the  base  of  a  triangle  biseet» 

every  parallel  to  the  base. 

7.  Hence  devise  a  method  of  bisecting  a  given  straight  line. 
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PKOPOSITION  41.     Theorem. 

If  a  'parallelogram  and  a  triangle  he  upon  the  same  base  and 
between  the  same  parallels,  the  parallelogram  shall  he 
douhle  of  the  triangle. 


D  E 


B  O 

Let  the  li""  ABCD  and  the  A  EBC  be  on  the  same  base 

BC,  and  between  the  same  parallels  AE,  BC  : 

it  is  required  to  prove  H"  ABCD  =  twice  A  EBC. 

Join  AC. 

Then  A  ABC  =  AEBC.  I.  37 

But  II"  ABCD  =  twice  A  ABC;  I.  34 

ll""  ABCD  =  twice  A  EBC. 

1.  Prove  the  proposition  by  drawing  through  G  a  parallel  to  BE. 

2.  If  a  li™  and  a  triangle  be  on  equal  bases  and  between  the  same 

parallels,  the  |1™  shall  be  double  of  the  triangle. 

3.  A  11""  and  a  triangle  are  equal  if  they  are  between  the  same 

parallels,  and  the  base  of  the  triangle  is  double  that  of  the  H™. 

4.  State  and  prove  a  converse  of  the  last  deduction. 

5.  If  from  any  point  within  a  ||™  straight  lines  be  drawn  to  the 

ends  of  two  opposite  sides,  the  sum  of  the  triangles  on  these 
sides  shall  be  equal  to  half  the  ||™.  Is  the  theorem  true  when 
the  point  is  taken  outside  ?    Examine  all  the  cases. 

6.  ABCD  is  any  quadrilateral,  AC  and  BD  its  diagonals.     A  11™ 

EFGH  is  formed  by  drawing  through  A,  B,  C,  D  parallels  to 
A  C  and  BD.     Prove  A  BCD  =  half  of  EFGH. 

7.  Hence,  show  that  the  area  of  a  quadrilateral  =  the  area  of  a 

triangle  which  has  two  of  its  sides  equal  to  the  diagonals  of 
the  quadrilateral,  and  the  included  angle  equal  to  either  of 


84  Euclid's  elements.  [Book  L 

the  angles  at  which  the  diagonals  intersect ;  and  that  two 
quadrilaterals  are  equal  if  their  diagonals  are  equal,  and 
also  the  angles  at  the  intersection  of  tue  diagonals. 


PEOPOSITION  42.     Problem. 

To  describe  a  parallelogram  that  shall  he  equal  to  a  given 
triangle,  and  have  one  of  its  angles  equal  to  a  given  angle. 
A  F  G 


B  E  C 

Let  ABC  be  the  given  triangle,  and  D  the  given  angle  : 
it  is  required  to  describe  a  |p  equal  to  A  ABC,  and  having 
one  of  its  angles  equal  to  L  D. 

Bisect  BC  at  E; 
and  at  E  make  l  CEF  =  l  D. 
Through  A  draw  AG  \\  BC ;  through  Cdraw  CG  \\  EF. 
FECG  is  the  T  required. 
Join  AE. 

The  figure  FECG  is  a  H" ; 
and  ir  FECG  =  twice  A  AEC. 
But  :ince  A  ABE  =  A  AEC, 

A  ABO  =  twice  A  AEC; 
ll""  FECG  =  A  ABC, 
and  L  CEF  was  made  =   l  D. 

1.  Describe  a  rectangle  equal  to  a  given    riangle. 

2.  Describe  a  triangle  that  shall  be  eq^  al  to  a  given  ||™,  and  have 

one  of  its  angles  equal  to  a  given  angle. 

3.  On  the  same  base  as  a  ||™   construct  a  right-angled  triangle 

=  the  ||m 

4.  Construct  a  rhoLOus  =  a  given  triande. 


/.  10 

/.  23 
.     /.  31 

Def  33 
7.41 
/.  38 
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PROPOSITION  43.     Theorem. 

The  complements  of  the  parallelograms  which  are  about  a 
diagonal  of  any  parallelogram  are  equal. 

AH  D 


Let  ABCD  be  a  ||",  and  AC  one  of  its  diagonals ; 
let  EH,  GF  be  Ip  about  AC,  that  is,  through  which  AC 
passes,  and  BK,  KD  the  other  ||°"  which  fill  up  the  figure 
ABCD,  and  are  therefore  caUed  the  complements  : 
it  is  required  to  prove  complement  BK  =  complement  KD. 

Because  EH  is  a  |j'"  and  AK  its  diagonal, 

A  AEK  =  A  AHK.  I.  34 

Similarly  A  KGC  =  A  KFC ;  I.  34 

.-.  A  AEK  +  A  KGC  =  A  AHK  +  A  KFC 
But  the  whole  A  ABC  =  whole  A  ADC;  I.  34 

.'.  the  remainder,  complement  BK  =  the  remainder,  com- 
plement KD. 

1.  Name  the  eight  H"^  into  which  ABCD  is  divided  by  EF  and 

GH,  and  prove  that  they  are  all  equiangular  to  H™  ABCD. 

2.  Prove  \r  AG  =  ][^  ED,  and  1P°  BF  =  \r  DG. 

3.  If   a  point  K  be   taken    inside  a  ||'"  ABCD,  and   through  it 

parallels  be  drawn  to  ^5  and  BC,  and  if  1^  BK  =  ir  KD, 
the  diagonal  AC  passes  through  A'.     (Converse  of  I.  43.) 

4.  Each  of  the  I!™''  about  a  diagonal  of  a  rhombus  is  itself  a  rhombus. 

5.  Each  of  the  ii™^  about  a  diagonal  of  a  square  is  itself  a  square. 

6.  Eachof  the  ii"'^  about  a  square's  diagonal  produced  is  itself  a  square. 

7.  When  are  the  complements  of  the  W^  about  a  diagonal  of  any 

II™  equal  in  every  respect  ? 
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PEOPOSITION  44.     Problem. 

On  a  given  straight  line  to  describe  a  paralhdogram  which 
shall  he  equal  to  a  given  triatigle,  and  ham  one  of  its 
angles  equal  to  a  given  angle. 

F        E  K 

D 


Let  AB  be  the  given  straight  line,  C  the  given  triangle, 
and  D  the  given  angle  : 

it  is  required  to  describe  on  AB  a  ||"  =  A  C,  and  having  an 
angle  =  l  D. 

Describe  the  H""  BEFG  =  A  C,  and  having  l  EBG  = 
L  D ;  and  let  it  be  so  placed  that  BE  may  be  in  the  same 
straight  line  with  AB.  /.  42 

Through  A  draw  AH  \\  BG  or  EF,  I.  31 

and  let  it  meet  FG  produced  at  H ; 
join  HB. 

Because  ^i^  meets  the  parallels  AH,  EF, 
.-.    L  AHF  +  L  HFE  =  2  rt.  ^  s  ;  /.  29 

.-.    L  BHF  +  L  HFE  is  less  than  2  rt.  L  s ; 
.-.  HB,  FE,  if  produced,  will  meet  towards  B,  E.  I.  29,  Cor. 
Let  them  be  produced  and  meet  at  K  ; 
through  K  draw  KL  \\  EA  or  FH,  I.  31 

and  produce  HA,  GB  to  L  and  M. 

ABML  is  the  H"  requirtd. 

For  FHLK  is  a  H"",  of  which  HK  is  a  diagonal, 
and  AG,  ME  are  |1"'  about  HK ; 
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complement  BL  =  comi^lemeut  BF,  I.  43 

=  A  C. 
And  L  ABM  =  l.  EBG,  I.  15 

=  L  D. 

1.  On  a  given  straight  line  describe  a  rectangle  equal  to  a  given 

triangle. 

2.  On  a  given  straight  line  describe  a  triangle  equal  to  a  given  H™, 

and  having  one  of  its  angles  equal  to  a  given  angle. 

3.  On  a  given  straight  line  describe  an  isosceles  triangle  equal  to  a 

given  li™. 

4.  Cut  off  from  a  triangle,  by  a  straight  Une  drawn  from  one  of 

the  vertices,  a  given  area. 


PEOPOSITION  45.     Problem. 

To  describe  a  parallelogram  equal  to  any  given  rectilineal 
figure,  and  having  an  angle  equal  to  a  given  angle. 

9  F        G       L 


K        H      M 

Let  ABCD  be  the  given  rectilineal  figure,  E  the  given 
angle  : 
it  is  required  to  describe  a  1|"'  =  ABCD,  and  having  an  angle 

=  L  E. 

Join  BD,  and  describe  the  W""  FH  =  A  ABD,  and 
having  l  K  =  l  E ;  I.  42 

on  GH  descrilje  the  [I*"  GM  =  A  BCD,  and  having 
L  GHM  =  L  E.  I.  44 

FKML  is  the  H""  required. 
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K        H      M 

Because  l  K  —  l  GHM,  since  each  =  l  E ; 
to  each  of  these  equals  add  L  GHK ; 

L  K  +  L.  GHK  =  L  GHM  +  l  GHK. 
But        L  K  -V  L  GHK  =  2  rt.  A  s ; 
.-.   L  GHM  +  L  GHK  =  2  rt.  as; 
.*.  KH  and  HM  are  in  the  same  straight  line. 

Again,  because  FG  and  GL  drawn  from  G  are  both  |!  KM ; 

.•.  FG  and  GL  must  be  in  the  same  straight  line.     /.  Ax.  11 
jSTow  because  KF  and  ML  are  both  ||  Z^G^, 

.-.  KF\^  II  ilfZ; 
and^il/isl!  i^Z/ 

.-.  FKML  is  a  H"". 

But  ir  i^A^ii/i^  =  ir  FH  +  r  <^^, 

=  A  ABD  +  A  5(7A 
=  figure  ABCD; 
and  z.  K  =  L  E. 


I.  29 


/.  14 


/.  30 


Const. 


Const. 


1.  Could  two  II™'  have  a  common  side  and  together  not  form  one 

II™  ?    Illustrate  by  a  figure. 

2.  Describe  a  rectangle  equal  to  a  given  rectilineal  figure. 

3.  On  a  given  straight  line  describe  a  rectangle  equal  to  a  given 

rectilineal  figure. 

4.  Given  one  side  and  the  area  of  a  rectangle  ;  find  the  other  side. 

5.  Describe  a  ||™  equal  to  a  given  rectilineal  figure,  and  having  an 

angle  equal  to  a  given  angle,  using  I.  37,  Cor. 

6.  Describe  a  ||™  equal  to  the  sum  of  two  given  rectilineal  figures. 

7.  Describe  a  |1™  equal  to  the  difference  of  two  given  rectilineal 

figures. 
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PEOPOSITION  46.     Probiem. 

On  a  given  straight  line  to  describe  a  square. 

C, iD 


Let  AB  be  the  given  straight  line  : 
it  is  required  to  describe  a  square  on  AB. 

From  A  draw  AC  ±  AB  and  =  AB ;  I.  11,  3 

through  C  draw  CD  \\  AB,  7.  31 

and  through  B  draw  BD  \\  AC.  7.  31 
ABDC  is  the  oquare  required. 

For  ABDC  is  a  r  ;   "  I.  Def.  33 

.-.  AB  =  CD  and  AG  =  BD.  .  I.  34 

But  AB  =  AC;  Const. 

.'.  the  four  sides  AB,  BD,  DC,  CA  are  all  equaL 
Because  AC  meets  the  parallels  AB,  CD, 

.'.    L  A  +  L  C  =  2vt.  Ls.  /.  29 

But  z.  ^  is  right ; 

.' .    L  C  is  also  right. 
Now  L  A  =  ^  D  and  L  C  =  L  B;  /.  34 

.'.  the  four  Ls  A,  B,  D,  C  are  right ; 

.'.  ABDC  is  a  square.  /.  Def.  32 

1.  What  is  redundant  in  Euclid's  definition  of  a  square  ? 

2.  If  two  squares  be  equal,  the  sides  on  which  they  are  described 

are  equal. 

3.  ABDC  is  constructed  thus:   At  A  and  B  draw  AC  and  BD 

J.  AB  and  =  AB,  and  join  CD.     ABDC  is  a  square. 

4.  ABDC  is  constructed  thus  :    At  A  draw  AC  ±  AB  and  =  AB ; 

with  B  and  C  as  centres,  and  a  radius  =  AB  ov  AC,  describe 
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two  circles  intersecting  at  D  ;  and  join  BD.  DC.     ABDG  is 
a  square 
5.  Describe  a  square  naving  given  a  diagonal. 


-      PROPOSITION  47.     Theorem. 
The  square  described  on  the  hypotiiuse  of  a  right-angled 
triangle  is  equal  to  the  squares  described  on  the  other 
two  sides. ''^ 

G 


>& 


Let  ABC  be  a  right-angled   triangle,  having  the   right 
angle  BAG: 

it  is  required  to  prove  that  the  square  described  on  BC  = 
square  on  BA  +  square  on  AC. 

On  AB,  BC,  CA  describe  the  squares  GB,  BE, 
CH; 

through  A  draw  AL  \\  BD  or  CE; 
and  join  AD,  CF. 

Because  l  BAG  +  l  BAG  =  2  rt.  l  s, 
.*.   GA  and  AG  fomi  one  straight  line. 
Similarly,  HA  and  AB  form  one  straight  line. 

-  This  theorem  is  usually  attributed  to  Pythagoras  (58©— 510  B.C.), 


/.  46 

/  31 


/  U 
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Now  L  DBG  =  L  FBA,  eacli  being  right. 
Add  to  each  l  ABC; 
.-.    L  ABD  =  L  FBC. 

i         AB  =  FB  I.  Def.  32 

La  As  ABD,  FBC,  \         BD  =  BC  I.  Def.  32 

{  L  ABD  =  L  FBC;  Proved 

.'.  A  ABD  =  A  FBC.  I.  4 

But  1 1""  BL  —  twice  A  ABD,  being  on  the  same 
base  BD,  and  between  the  same  ||'  BD,  AL  ;  I.  41 

and  square  BG  =  twice  A  FBC,  being  on  the  same 
base  BF,  and  between  the  same  ||'  BF,  CG;  /.  41 

.-.   ir  5L  =  square  BG. 

Similarly,  if  AE,  BK  be  joined,  it  may  be  proved 
that  r  CL  =  square  CH ; 

.-.  IP  BL  +  r  GL  =  square  BG  +  square  CH, 
that  is,  square  on  BC  =  square  on  BA  +  square  on  AC. 
[It  is  usual  to  write  this  result  BC-  =  BA-  +  AC'^;  but  see  p.  113.] 
Cor. — The  difference  between  the  square  on  the  hypoten- 
use of  a  right-angled  triangle  and  the  square  on  either  of  the 
sides  is  equal  to  the  square  on  the  other  side. 

For  since  BC^  =  BA^  +  AC% 
.-.    BC'^  -  BA^  =  AC\ 
and  BC^  -  AC^  =  BA\ 

Note. — This  proposition  is  an  exceedingly  important  one,  and 
numerous  demonstrations  of  it  have  been  given  by  mathematicians, 
some  of  them  such  as  easily  to  afford  ocular  jjrouf  nf  the  equality 
asserted  in  the  enunciation.  With  respect  to  Euclid's  method  of 
proof  (which  is  not*  that  of  the  discoverer),  it  may  be  remarked 
that  he  has  chosen  that  position  of  the  squares  when  they  are  all 
exterior  to  the  triangle.  The  pupil  is  advised  to  make  the  seven 
other  moditicatious  of  the  tigure  which  result  from  placiug  the 
squares  in  different  positions  with  respect  to  the  sides  of  the 
triangle,  and  to  adapt  Euclid's  [)roijf  thereto.  It  will  be  found  that 
AG  and  AC,  as  well  as  AH  and  AB,  Mill  always  be  in  the  same 

*  See  Friedlein's  Proclus,  p.  426. 
G 
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btraight  line,  only;  instead  of  being  drawiTin  ojjposite  directions  from 
A  as  in  the  text,  they  will  sometimes  be  drawn  in  the  same  direction  , 
that  z  s  ABD  and  FBC  will  sometimes  be  supplementary  instead 
of  equal;  and  that  then  the  equality  of  as  ABD  and  I BC  will 
follow,  not  from  I.  4,  but  from  I.  38,  Cor. 

All  the  different  varieties  of  figure  are  obtained  thus  : 
Call  A'  the  square  on  the  hypotenuse,  Y  and  Z  the  squares  on  the 
otUer  sides.     Describe 

(\)  X  outwardly,   F  outwardly,  .^  outwardly. 


(2)    . 

1                          M 

If 

1  inwardly. 

(3) 

1                         M 

II  inwardly      i 

1  outwardly. 

(4)    , 

.                          „ 

II            II           1 

1  inwardly. 

(5)   , 

inwardly, 

II  outwardly. 

1  outwardly. 

(6)   . 

1            II 

II                       M 

1  inwardly. 

(7)   . 

1            II 

II  inwardly. 

1  outwardly. 

(8)    , 

n 

II 

1  inwardly. 

The  following  methods  of  exhibiting  how  two  squares  may  be 
dissected  and  put  together  so  as  to  form  a  third  square,  are  probably 
the  simplest  and  neatest  ocular  proofs  yet  given  of  this  celebrated 
proposition  : 

FIRST   METHOD. 

K 


ABOH,  BCEF  are  two  squares  jjlaced  side  by  side,  and  so  that 
AB  and  BG  form  one  straight  line.  Cut  oflF  CD  =  AB,  and  join 
ED,  DH. 

(1)  If,  round  ^  as  a  pivot,  A  ECD  is  rotated  hke  the  hands  of  a 
watch  through  a  right  angle,  it  will  occupy  the  position  EFK.  If, 
round  i/  as  a  pivot,  A  HAD  is  rotated  in  a  manner  opposite  to  the 
hands  of  a  watch  throui^h  a  right  angle,  it  will  occupy  the  position 
HGK.  The  two  squares  ABGH  and  BCEF  will  then  be  trans- 
formed into  the  square  DEKH. 
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(2)  If  A  ECD  be  slid  along  the  plane  in  such  a  way  that  EG 
alway  '•^roains  vertical,  and  D  moves  along  the  line  DH,  it  will 
come  to  occupy  the  position  KGH.  If  A  HAD  be  slid  along  the 
plane  in  such  a  way  that  HA  always  remains  vertical,  and  D  moves 
along  the  line  DE,  it  will  come  to  occupy  the  position  KFE.  The 
two  squares  ABGH  and  iJC'^i^  will  then  be  transformed  into  the 
square  DEKH. 

[This  method  is  substantially  that  given  by  Schooten  in  his 
Exerdtationes  Mathematkte  (1657),  p.  111.  The  first  or  rotational 
way  of  getting  As  ECD,  HAD  into  their  places  is  given  by  J.  C. 
Sturm  in  his  Ma  he  sis  Enucleafa  (1689),  p.  31  ;  the  second  or  trans- 
latioual  wa}^  is  mentioned  by  De  ISIorgan  in  the  Quarterly  Journal 
of  Mathematics,  vol.  i.  p.  236.J 

SECOND   METHOD. 

E 


''   1'   '% 


..    >D 


ABC  is  a  right-angled  triangle.  BCED  is  the  square  on  the 
hjqiotenuse,  ACKH  and  ABFG  are  the  squares  on  the  other  sides. 

Find  the  centre  of  the  square  ABFG,  which  may  be  done  by 
drawing  the  two  diagonals  (not  shown  in  the  figure),  and  through  it 
draw  two  straight  lines,  one  of  which  is  !1  BC,  and  the  other  _l  BC. 
The  square  ABFG  is  then  divided  into  four  quadrilaterals  equal  in 
every  respect.  Through  the  middle  points  of  the  sides  of  the  square 
BCED  draw  parallels  to  AB  and  ^C  as  in  the  figure.  Then  the 
parts  1,  2,  3,  4,  5  will  be  found  to  coincide  exactly  with  1',  2',  3', 
'4',  5'. 

[This  method  is  due  to   Henry  Perigal,  F.II.A.S.,  and  was  dia- 
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covered  about  1830.     See  The  Messenger  of  Mathematics,  new  series, 
vol.  ii.  pp.  103-106.] 

1.  Show  how  to  tind  a  square  =  the  sum  of  two  given  oquaretj. 

2.  II  II  =           M          three             n 

3.  II  II  =  the  difference  of  two      n 

4.  II  .  M  double  of  a  given  square. 

5.  II  '         I-  half                     II 

6.  M  M  tii}>le                  II 

7.  The  square  described  on  a  diagonal  of  a  given  square  is  twice 

the  given  square. 

8.  Hence  prove  that  the  square  on  a  straight  line  is  four  times  the 

square  on  half  the  line. 

9.  The  squares  described  on  the  two  diagonals  of  a  rectangle  are 

together  equal  to  the  squai'es  described  on  the  four  sides. 

10.  The  squares  described  on  the  two  diagonals  of  a  riiomlins  are 

together  equal  to  the  squares  descrilievl  on  the  four  sides. 

11.  If  the  hypotenuse  and  a  side  of  one  right-angled  triangle  be 

equal  to  tlie  hyjiotenuse  and  a  side  of  another  right-angled 
triangle,  the  two  triangles  are  equal  in  every  respect. 

12.  If  from  the  vertex  of  any  triangle  a  perpendicular  be  drawn  to 

the  base,  the  difterence  nf  the  squares  on  the  two  sides  of 
the  triangle  is  equal  to  the  difference  of  the  squares  on  the 
segments  of  the  base. 

13.  The  square  on  the  side  opposite  an  acute  angle  of  a  triangle  is 

less  than  the  squares  on  the  other  two  sides. 

14.  The  square  on  the  side  ojiposite  an  obtuse  angle  of  a  triangle  is 

greater  than  the  squares  on  the  other  two  sides. 

15.  Five  times  the    square  on   the   hyjwtenuse  of    a   right-angled 

triangle  is  equal  to  four  times  the  sum  of  the  squares  on 
the  medians  drawn  to  the  other  two  sides. 

16.  Three  times  the  square  on  a  side  of  an  equilateral  triangle  is 

equal  to  four  times  the  square  on  the  perpendicular  drawn' 
from  any  vertex  to  the  opposite  side. 

17.  Divide  a  given  straight  line  into  two  parts  such  that  the  sum 

of  their  squares  may  be  equal  to  a  given  square.  Is  this 
always  possible  ? 

18.  Divide  a  given  straight  line  into  two  parts  such  that  the  square 

on  one  of  them  may  be  double  the  square  on  the  other. 

19.  If  a  straight  line  be  divided  into  any  two  parts,  the  square  on 

the  whole  line  is  greater  than  the  sum  of  the  squares  on  the 
two  parts- 
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20.  The  sum  of  tlie  sqivares  of  the  distan  es  of  any  point  from  two 

opposite  corners  of  a  rectangle  is  eipial  to  the  sum  of  the 
squares  of  itc  clistan(.es  from  the  otlitr  two  corners. 

The  following  detUicti(nis  refer  to  the  figure  of  the  proposition  in 
'die  text.  They  are  all,  or  nearly  all,  given  in  an  article  in  Leyhonrn's 
Mathematical  J?epositu7\'/,  new  series,  vol.  iii.  (1814),  Part  IJ.  pj). 
71-80,  by  John  Branshy,  Ipswich. 

21.  What  is  the  use  of  jn-oving  thnt  JlG  and^C  are  in  the  same 

straight  line,  and  also  AB  and  All ^ 

22.  AF  and  AK  are  in  the  same  straight  line. 

23.  BG  is  II  CM.  ° 

24.  Prove    As  ABD,  FBC  equal  l)y  rotating  the  former  round  B 

through  a  right  angle.     Similarly,  prove  A  s  ^4  CE,  KCB  equal. 
2.5.  Hence  prove  AD  x  FC,  and  AE  Jl  KB. 

26.  /.  s  ABC  and  DBF  are  supplementary,  as  also  are  z  s  ACB  and 

ECK. 

27.  Hence  prove  A  s  FBD,  KCE  =  A  A  BO. 

28.  FG,  KH,  LA  all  meet  at  one  point  T. 

29.  An  AGH,  THG,  GA  T,  HTA  are  each  =  a  ABC. 

30.  If  from  D  and  E,  perpendiculars  DU,  EVhe  drawn  to  FB  and 

KC  produced,    as    UBD   and    VEC  are   each  =  a  ABC. 
Prove  by  rotating. 

31.  DF-^  +  EK^-  =  5  BCl 

.•?-'.  The  squares  &n  She  sides  of  the  polygon  DFGHKE  =  8  BC\ 

33.  If  from  F  and  K  perpendiculars  FM,  KN  be   drawn   to  BC 

produced,  and  /  be  the  point  where  AL  meets  BC,  A  BFM 
=  A  ABL  and  A  CK2^  =  A  ACL 

34.  FM  +  ^.V  =  BC,  and  BN  =  CM  =  A  L. 

35.  If  DB  and  EC  produced  meet  FG  and  KH  at  P  and  Q,  prove 

by  rotating  A  ABC  ;hat  it  =  each  of  the  A  s  FBP,  KCQ. 

36.  If  PQ  be  joined,  BCQP  is  a  square. 

37.  ABPT  is  a  I]'",  and  =  rectangle   BL ;   ACQT  is  a  ir,  and  = 

rectangle  CL. 

38.  ADBT  is  a  |p",  and  =  rectangle  EL;   AECT  is  a  |r,  and  = 

icctangle  CL. 
30.  DFPU  and  EKQV v^ve  \r\  and  each  =  4  A  ABC. 

40.  ADUH  and  AE^'G  .n,re  |r^  and  each  =  2  a  J5C, 

41.  BK  is  1.  CT,  and  CF  ±  BT. 

42.  Hence  prove  that  AL,  BK,  CF  meet  at  one  point  0.     (See 

App.  I.  3.) 
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43.  If  BK  meet  AC  in  X,  and  CF  meet  AB  in  W,  as  jB/J  y,  C(?fr 

are  each  =  A  yl  BC. 

44.  J  IF  =  ^A'. 

45.  A  ^Cr=  A  5CX,  and  A  ABX  =  A  ^Clf. 

46.  Quadrilateral  A  WOX  =  A  BOC. 

47.  If  from  6-'  and  7/  perpendiculars  6'^,  //.S"  be  drawn  to  BC  or  BC 

produced,  and  if  these  perpendiculars  meet  AB  and  ^C  in  Y 
and  ^,  prove  by  rotating  A  ^4 56' that  it  =  A  GA  For  A  ZAIJ. 

48.  DU  produced  passes   through    Z,  EV  produced    through    Y, 

G  V  through  W,  and  HU  through  A'. 

49.  If  through  A  a  parallel  to  BC  be  drawn,  meeting  OR  in  G\  and 

^S  in  H',  AS  AGG',  AZIF  are  =  a  J5/,  and  as  J  YG' 
SiadAHH'^  A  ^C/. 

50.  IB  =  IS;       GR  +  HS  =  il/.V;      /'J/  +  GR  +  HS  +  KN 

=  2  (BC  +  AI) ;  GR  =  BS ;  HS  =  CR. 


PEOPOSITIOX  48.     Theorem. 

If  the  square  described  on  one  of  the  sides  of  a  triangle  he 
equal  to  the  squares  described  on  the  other  two  sides  of 
it,  the  angle  contained  by  those  two  sides  is  a  right 
angle.  D 


Let  ABC  be  a  triangle,  and  let  BC-  =  BA-  +  AC^  ; 
it  is  required  to  prove  L  BAG  right. 

J^rom  A  draw  AD  1.  AC,  and  =  AB ;  I.  11,  3 

and  join  CD. 

Because  AD  =  AB ;  .• .  AD'^  =  ABK 
To  each  of  these  equals  adil  AC^  : 
.-.  AD'^  +  AC-  =  AB^  +  ACK 
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But  ^Z)2  +  AO^  =  CD\  L  47 

and  AB"^  +  AC'^  =  BG'^ ;  Hyp. 

.-.  CD'  =  BC'; 
.'.    CD  =  BC. 

(BA  =  DA  Canst 

In  As  BAC,  DAC,  I  AC  =  AG 

\BC  =  DG;  :t^vea 

'.  L  BAG  =   L  DAC,  _     /.  8 

=  a  right  angle. 

1.  In  the  construction  it  is  said,  draw  AD  A.  AG.    Would  it  not 

be  simpler,  and  answer  t';e  same  purpose,  to  say,  produce  A  B 
to  D.     Why  ? 

2.  Prove  the  proposition  indirectly  by  drawing  AD  l.  AC,  and  on 

the  same  side  of  ^C  as  ^5,  and  using  I.  7  (Proclus). 

3.  If  the  square  on  one  side  of  a  triangle  be  less  than  the  sum  of 

the  squares  on  the  other  two  sides,  the  angle  opposite  that 
side  is  acute. 

4.  If  the  square  on  one  side  of  a  triangle  be  greater  than  the  sum 

of  the  squares  on  the  other  two  sides,  the  angle  opposite  that 
side  is  obtuse. 

5.  Prove  that  the  triangle  whose  sides  are  3,  4,  5  is  right-angled.* 

6.  Hence  derive  a  method  of  drawing  a  perpendicular  to  a  given 

straight  line  from  a  point  in  it. 

7.  Show  that  the  following  two  rides,t  due  respectively  to  Pytha- 

goras and  Plato,  give  numbers  representing  the  sides  of 
right-angled  triangles,  and  show  also  that  the  two  rules  are 
fundamentally  the  same. 

(a)  Take  an  odd  number  for  the  less  side  about  the  right  angle. 
Subtract  unity  from  the  square  of  it,  and  halve  the  remain- 
der ;  this  will  give  the  greater  side  about  the  right  angle. 
Add  unity  to  the  greater  side  for  the  hypotenuse. 

ih)  Take  an  even  number  for  one  of  the  sides  about  the  right 
•  angle.  From  the  square  of  half  of  this  number  subtract 
unity  for  the  other  side  about  the  right  angle,  and  to  the 
square  of  haK  this  number  add  unity  for  the  hypotenuse, 

*  This  is  said  by  Plutarch  to  have  been  known  to  the  early  Egyptians, 
+  See  Friedlein's  Proclus,  p.  428,  and  Hultsch's  Heronis  .  .  ,  reliquice, 
pp,  56,  57. 
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Proposition  1. 


The  atrainht  line  joining  the  middle  points  of  any  ttvo  sides  of  a 
iriung'e  is  parallel  to  the  third  side  and  equal  to  the  half  of  it. 


C 

Let  ABC  be  a  triangle,  and  let  L,  K  be  the  middle  points  of 
AB,AC: 
it  is  required  to  prove  LK  \\  EC  and  =  half  of  BC. 

Join  BK,  CL. 

Because      AL  =  BL,        .' .  A  BLC  =  half  of  a  ABC;         I.  38 

and  because  AK  =  CK,        .'.  A  BKC  =  half  of  A  ABC;         I.  38 
.-.  A  BLC=  A  BKC. 

.-.  LK  is  II  BC.  I.  30 

Hence,  if  H  be  the  middle  of  BC,  and  HK  be  joined,  HK  is  |!  AB  ; 

.-.  BHKL  is  a  ||"^ ;  /.  Def  33 

.-.  LK  =  BH=  half  of  BC.  I.  34 

Cor.  1. — Conversely,  The  straight  line  drawn  through  the  middle 
point  of  one  side  of  a  triangle  parallel  to  a  second  side  bisects  the 
third  side.* 

Cor.  2. — AB  is  a  given  straight  line,  C  and  D  are  two  points, 
either  on  the  same  side  of  AB  or  on  opposite  sides  of  AB,  and  such 
that  ^C  and  BD  are  parallel.  If  through  E  the  middle  point  of 
AB,  a.  straight  line  be  drawn  ll  AC  or  BD  to  meet  CD  at  F,  tlicn 

*  The  corollaries  and  convers^^s  given  in  the  Appendices  should  be 
proved  to  be  true.     Many  of  them  are  not  obvious. 
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F  is  tlie  middle  jwint  of  CI),  and  EF  is  e(]iial  either  to  half  the  sum 
of  ^C  and  BF>,  or  to  half  their  difference. 


Proposition  2. 


The  straight  Unes  drawn  perpendicular  to  the  sides  of  a  triangle  from 
the  middle  points  of  the  sides  are  concurrent  (that  is,  pass  through 
the  same  point). 

See  the  figure  and  demonstration  of  IV.  n. 

If  S  be  joined  to  H,  the  middle  of  BC,  then  SH  is  j.  BC.         I.  8 

Note. — The  point  S  is  called  the  ci,cumscribed  centre  of  A  ABC. 


Proposition  3. 

The  straight  lities  drcnon  from  the  vertices  of  a  triangle  perpendicular 
to  the  opposite  sides  are  concurrent* 

L  A  K 


H 

Let  AX,  BY,  CZ  be  the  three  perpendiculars  from  A,  B,  Con 
the  opposite  sides  of  the  A  ABC ; 
it  is  required  to  proi-e  AX,  BY,  CZ  concurrent. 

Through  A.  B,  C  draw  KL,  LH,  HK  !'  BC,  CA,  AB.  I.  .31 

Then  t!.e  fi^aires  ABCK,  ACBL  are  i™^ ;  L  Def.  33 

.-.  AK  =  Bd  =  AL,  7.34 
that  is,  A  is  the  middle  point  of  KL. 

*  Pappus,  VII.  62.  The  proof  here  given  seems  to  be  due  to  F.  J. 
Servois  :  see  his  Solutioiu peu  connurs  de  differ sns  prohUmes  de  GeomitriC' 
pratique  (1804),  p.  15.     It  is  attributed  to  Gauss  by  Dr  K.  Baltzer. 
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Hence  also,  B  and  C  are  tlie  middle  points  of  LH  and  HK. 
■^ut  since  ^  A',  BY,  GZ  are  respectively  X  BO,  GA,  AB,  Comi. 

they  must  be  respectively  X.  KL,  LH,  HK,  I.  29 

and  .•.  concurrent.  App.  I.  2 

Note.— The  point  0  is  called  the  orthocentre  of  the  A  ABC  (mx 
expression  due  to  W.  H.  Eesant),  and  A  XYZ,  formed  by 
joining  the  feet  of  the  perpendiculars,  is  called  sometimes  th«  pedal, 
sometimes  the  orthocentric,  triangle. 


Proposition  4. 
The  medians  of  a  triangle  are  concurrent. 
A 


B  H  C 

Let  the  medians  BK,  CL  of  the  a  ABC  meet  at  G: 
it  is  required  to  prove    that,  if  H  he  the  middle  point  of  BC,  the 
median  AH  will  pass  through  G. 

Join  AG. 

Because  BL  =  AL    .-.A   BLC  =  A  ALC, 
and  A  BLG  =  A  ALG;  I.  38 

,-.   A  BGC  =  aAGC,  I.  Ax.  3 

—  twice  A  CKG  ;  I  30 

.-.  BG  =  twice  GK,  or  BK  =  thrice  GK, 

that  is,  the  median  CL  cuts  BK  at  its  point  of  trisection  remote 
from  B. 

Hence  also,  the  median  AH  cuts  BK  at  its  point  of  trisection  remote 
from  B, 
that  is,  A  H  passes  tlirough  G. 

Cor. — If  the  points   H,  K,  L    be   joined,  the  medians  of  the 
A  HKL  are  concurrent  at  G. 

Note. — The   point  G  is  called  the  centroid  of  the  A  ABC  (an 
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expression  clue  to  T.  S.  Davies),  and  a  HKL  may  be  called  the 
median  triangle.  The  ceutroid  of  a  triangle  is  the  same  point  as 
that  which  in  Statics  is  called  the  centre  of  gravity  of  the  triangle, 
and  may  be  found  by  drawing  one  median,  and  trisecting  it. 


Proposition  5. 

The  or/hocentre,  the  centroid,  and  the  circumscribed  centre  of  a 
triangle  are  coUinear  (that  i,s,  lie  on  the  same  straight  line),  and 
the  distance  between  the  first  tioo  is  double  of  the  distance  between 
the  last  thjQ* 


B  X  H  0 

Let  ABC  he  a  triangle,  0  its  orthoceutre  determined  by  drawin 
AX  and  BY  ±.  BC  and  CA  ;  «S  its  circumscribed  centre  determine. 'j 
by  drawing  through  H  and  K  the  middle  points  of  BC  and  CA,  ES 
and  KS  x  BC  and  CA  ;  and  AH  the  median  from  A  : 
it  is  required  to  i^fove  that   if  SO  be  joined,  it  mil  cut  AH  at  the 
centroid. 

Let  SO  and  A  H  intersect  at  G  ; 
join  P  and  Q,  the  middle  points  of  GA,  GO  ; 
V   U   I.     V,  „  „  OA,  OB; 

and  join  HK. 

Because  H  and  K  are  the  middle  points  of  CB,  CA  ; 
.-.  HK  is  II  AB  and  =  half  AB.  App.  I.  1 

Because  U  and  V  are  the  middle  points  of  OA,  OB  ; 
.-.   f/Fis  II  ^fi  and  =  half  ^5,  Aj^.  I.  1 

.'.  HK  is  \\  f/Fand  =  UV. 


*  First  given  by  Euler  in  1765.    See  Novi   Commentarii  Academice 
Scientia/rum  Imperialis  PetropolitancB,  vol.  xi.  pp.  1.3, 114. 
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Because  SH  and  OU  are  both  ±  BC    r.  SH  is  \\  OU ;       I.  28,  Cor. 
M      SK     M    OV  „  C'J    .-.SK^WOV.        I.  28,  Cor. 

Hence  the  A  s  SHK,  GUV  are  mutually  equiangular,        /.  34,  Cor. 
und  since  HK  =  [J  V    .-.  SH  =  OU  "^  7.26 

=  half  ^0. 
Again,  because  P  and  Q  are  the  middle  points  of  GA,  GO ; 
.-.  PQ  is  MO  and  =  half  AG  ;  App.  J.  I 

.-.   PQ  is  II  SH  and  =  SH. 

Hence  the  A  s  HGS,  PGQ  are  equal  in  aU  respects  ;  /.  29,  26 

.-.  HG=  PG  =  hsXiAG; 

.'.  G  is  the  centroid,  Apjh  I.  ^ 

and  SG  =  QG  =^  half  OG. 

Cor. — The  distance  of  the  circumscribed  centre  from  any  side  of  a 
triangle  is  half  the  distance  of  the  orthocentre  from  the  opposite 
vertex. 

For  SH  was  proved  =  half  OA. 

Loci. 

Many  of  the  problems  which  occiir  in  geometry  consist  in  the 
finding  of  points.  Now  the  position  of  a  jioiiit — and  position  is  tlie 
nidy  jiroperty  which  a  point  possesses — is  determined  bj'  certain 
conditions,  ami  if  we  know  these  conditions,  we  can,  in  general 
find  the  point  which  satisfies  tlieni.  It  will  1  e  seen  that  in  plaiie 
geometry  hco  conditions  suffice  to  determine  a  point,  provided  the 
conditions  be  mutually  consistent  and  independent.  When  only 
one  of  the  conditions  is  given,  though  the  point  cannot  then  be 
determined,  yet  its  position  may  be  so  restricted  as  to  enalile  us 
to  say  that  wherever  the  point  may  be,  it  nnist  always  lie  on  some 
one  or  two  lines  which  we  can  describe ;  for  example,  straight  lines 
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or  the  circumferences  of  circles.  The  given  condition  may,  however, 
Le  such  that  the  point  which  satisfies  it  will  lie  on  a  line  or  lines 
whicli  we  do  not  as  yet  linow  how  to  describe.  Cases  where  this 
occurs  are  considered  as  not  belonging  to  elementary  plane 
geometry. 

Def. — The  line  (or  lines)  to  which  a  point  fulfilling  a  giveu  con- 
dition is  restricted,  that  is,'  on  which  alone  it  can  lie,  is  (or  arc) 
called  the  locus  of  the  point.  lusiead  of  the  phrase  'the  locus  of  a 
point,'  we  frequently  say  '  the  locus  of  jwiuts.' 

For  the  complete  establishment  of  a  locus,  it  ought  tc  be  provi  d 
not  only  that  all  the  points  which  are  said  to  constitute  the  locus 
fulfil  the  given  condition,  but  that  no  other  joints  fulfil  it.  'f  he 
latter  part  of  the  proof  is  ger.erally  omitted. 

Ex.  1.  Find  the  locus  of  a  jioint  liaving  tlie  ]  roperty  (or  fuliilliug 
the  condition)  of  being  situated  at  a  given  distance  from  a  given  jwint. 

Let   A    be   the  given   point,    and    sujipose  tj 

B,  C,  D,  &c.  to  be  poiuts  on  the  locus.     Join 

AB,  AG,  AD,&c.  /  /       \C 

Then  AB  =  AC  =  AD  =  &c.  ;  Hyp. 

and  hence  B,  C,  D,  &c.  mnst  be  situated  on 
the  0°^  of  a  ciicle  wliose  centre  is  A,  and 
whose  radii.s  is  the  given  distance. 

Moreover,  the  distance  from  A  of  any  point 
not  situated  on  the  O'^^  would  not  be  =  AB,  AC,  AD,  &c. 

This  O*^®  .".  is  the  required  locus. 

Ex.  2.  Find  the  locus  of  a  point  having  the  pro})erty  (or  fulfilling 
the  condition)  of  being  equidistant  from 
two  giveu  points. 

Let  A  and  B  be  the  given  points. 

Join  AB,  and  bisect  it  at  C  ;   then  G 
is  a  definite  fixed  point. 

Supjjose  D  to  be  any  point  on  the  locus, 
and  join  DA,  DB,  DC.  ^/. 

Then  DA  =  DB  ;  Hyp. 

and  since  DC  is  commm,  and  AG  =  BG,  .  Const. 

.-.  DC  is  ±AB.  I.  8,  Def.  10 

Hence,  if  a  set  of  other  points  on  the  locus  be  taken,  and  joined 
to  the  definite  fixed  point  G,  a  set  of  perpendiculars  to  AB  will  be 
obtained.  The  locus  therefore  consists  of  all  the  perpend. cuhirs  that 
can  be  drawn  to  .^4  S  through  the  point  G ;  that  is,  CD  produced 
indefinitely  either  way  is  the  lojus. 
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Pkoposition  6. 

Straight  lines  are  drawn  from  a  given  fixi-d  point  to  the  circumfer' 
ence  of  a  given  fixed  circle,  and  are  bisected :  find  the  locus 
of  tlieir  middle  points. 


Let  A  be  the  given  fixed  point,  C  the  centre  of  the  given  fixed 
circle;  let  AB,  one  of  the  straight  lines  drawn  from  A  to  the  C^', 
be  bisected  at  E : 
it  is  required  to  find  the  locus  of  E. 

Join  AC,  and  bisect  it  at  D  ;  I.  10 

join  BE  and  CB. 

Because  DE  joins  the  middle  points  of  two  sides  of  A  ^  CB, 

.•.DE=^CB.  Aiip.I.l 

But  CB,  being  the  radius  of  a  fixed  circle,  is  a  fixed  length ; 

.* .  DE,  its  half,  is  also  a  fixed  length. 
Again,  since  A  and  C  are  fixed  points, 

.•.  AC  is  a  fixed  straight  line  ; 

.'.  D,  the  middle  point  of  ^1(7,  is  a  fixed  point ; 
that  is,  E,  the  middle  point  of  A  B,  is  situated  at  a  fixed  distance 
from  the  fixed  point  D. 
But  AB  was  any  straight  line  drawn  from  A  to  the  O**  ; 

.'.  the  middle  points  of  all  other  straight  lines  drawn  from  .4  to  the 

O'^'  must  be  situated  at  the  same  fixed  distance  from  the  fixed  point 

.-.  the  locus  of   the  middle   points  is  the  0°*  of   a  circle,  whose 
centre  is  D,  and  whose  radius  is  half  the  radius  of  the  fixed  circle. 

From  the  figure  it  will  be  seen  that  it  is  immaterial  whether  A  B 
or  A B'  IB  to  be  considered  as  the  straight  line  drawn  from  A  to  the 

O".     For  if  E'  be  the  middle  point  of  AB',  then  ED  =  \B'G, 
i^at  is  =  half  the  radius  of  the  fixed  circle  ; 

.*.  the  locus  of  E  is  the  same  O  •*  as  before. 
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[The  reader  is  requested  to  make  figures  for  the  cases  when  the 
u'iven  pouit  A  is  inside  the  given  circle,  and  when  it  is  on  the  O  ™  of 
the  given  circle.] 


INTERSECTION   OF  LOCI. 

Since  two  conditions  determine  a  point,  if  we  can  construct  the 
locus  satisfying  each  condition,  the  point  or  points  of  intersection  of 
the  two  loci  will  be  the  point  or  points  required.  A  familiar  example 
of  this  method  of  determining  a  point,  is  thi-  finding  of  the  position 
of  a  town  on  a  maj)  by  means  of  parallels  of  latitude  and  meridians 
of  longitude.  The  reader  is  recommended  to  apply  this  method  to 
the  solution  of  I.  1  and  22,  and  to  several  of  the  problems  on  the 
construction  of  triangles. 

DEDUCTIONS. 

1.  The  straight  line  joining  the  middle  points  of  the  non-parallel 

sides  of  a  trapezium  is  ll  the  parallel  sides  and  =  half  their 
sum. 

2.  The  straight  line  joining  the  middle  points  of  the  diagonals  of  a 

trapezium  is  ||  the  parallel  sides  and  =  half  their  difference. 

3.  The  straight  line  joining  the  middle  points  of  the  non-paraUel 

sides  of  a  trapezium  bisects  the  two  diagonals. 

4.  The  middle  points  of  any  two  opposite  ^ides  of  a  quadrilateral 

and  the  middle  points  of  the  two  diagonals  are  the  vertices 
of  a  ll"". 

5.  The  straight  lines  which  join  the  middle  points  of  the  opposite 

sides  of  a  quadrilateral,  and  the  straight  hne  which  joins  the 
middle  points  of  the  diagonals,  are  concurrent. 

6.  If  from  the  three  vertices  and  the  centroid  of  a  triangle  perpen- 

diculars be  drawn  to  a  straight  line  outside  the  triangle,  the 
perpendicular  from  the  centroid  =  one-third  of  the  sum  of 
the  other  perpendiculars.  Examine  the  cases  when  the 
straight  line  cuts  the  triangle,  and  when  it  passes  through 
the  centroid. 

7.  Find  a  point  in  a  given  straight  line  such  that  the  sum  of  its 

distances  from  two  given  jjoints  may  be  the  least  possible. 
Examine  the  two  cases,  when  the  two  given  points  are  on 
the  same  side  of  the  given  line,  and  when  th«y  are  on 
different  sides. 
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8.  Find  a  point  in  a  given  straight  line  such  that  the  difference  of 

its  distances  from  two  given  points  may  be  the  greatest 
possible.     Examine  the  two  cases. 

9.  Of  all  triangles  having  only  two  sides  given,  that  is  the  greatest 

in  which  these  sides  are  perpendicular. 

10.  The   perimeter   of   an   isosceles    triangle   is   less   than   that   of 

any  other  triangle  of  equal  area  standing  on  the  eame 
base. 

1 1.  Of  all  triangles  having  the  same  vertical  angle,  and  the  ba^es 

of  which  pass  through  the  same  given  point,  the  least  is  that 
which  has  its  base  bisected  by  the  given  jwint. 

12.  Of  all  trianj;les  formed  with  a  given  angle  which  is  contained 

by  two  sides  whose  sum  is  constant,  the  isosceles  triangle  has 
the  least  perimeter. 

13.  The  sum   of  the  iieri)endiculars  drawn  from  any  jioint  in  the 

base  of  an  isosceles  triangle  to  the  other  two  sides  is  con- 
stant. Examine  the  case  when  the  point  is  in  the  base 
produced. 

14.  The  sum  of  the  perpendiculars  drawn  from  any  point  inside  an 

equilateral  triangle  to  the  three  sitles  is  constant.  Examine 
the  case  when  the  point  is  outside  the  triangle. 

15.  The  sum  of  the  perpendiculars  from  the  vertices  of  a  triangle  on 

the  opposite  sides  is  greater  than  tlie  semi-perimeter  and  less 
than  the  perimeter  of  the  triangle. 

16.  If  a  perpendicular  be  drawn  from  the  vertical  angle  of  a  triangle 

to  the  base,  it  will  divide  the  vertical  angle  and  the  base 
into  parts  such  that  the  greater  is  next  the  greater  side  of 
the  triangle. 

17.  The  bisector  of  the  vertical  angle  of  a  triangle  divides  the  base 

into  segments  such  that  the  greater  is  next  the  greater  side 
of  the  triangle. 

18.  The  median  from  the  vertical  angle  of  a  triangle  divides  the 

vertical  angle  into  parts  such  that  the  greater  is  next  the  less 
side  of  the  triangle. 

19.  If  from  the  vertex  of  a  triangle  there  be  drawn  a  perpendicular 

to  the  opposite  side,  a  bisector  of  the  vertical  angle  and  a 
median,  the  second  of  these  lies  in  position  and  magnitude 
between  the  other  two. 

20.  The  sum  of  the  thi'ee  angular  bisectors  of  a  triangle  is  greater 

than  the  seuiiperimeter,  and  less  than  the  perimeter  of  the 
triangle. 
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21.  If  one  side  of  a  triangle  be  greater  than  another,  the  perpen- 

dicular on   it  from   the    opposite    angle   is   less    than    the 
eoirespouding  perpendicular  on  the  other  side. 

22.  If  one  side  of  a  triangle  be  greater  than  another,  the  median 

draM'n  to  it  is  less  than  the  median  drawn  to  the  other. 

23.  If  one  side  of  a  triangle  be  greater  than  ano;;her,  the  bisector 

of  the  angle  opposite  to  it  is  less  than  tlie  bisector  of  the 
angle  opposite  to  the  other. 

24.  The  hypotenuse  of  a  right-angled  triangle,  together  with  the 

perpendicular  on  it  from  the  right  angle,  is  gr-eater  than  the 
sum  of  the  other  two  sides. 

25.  The  sum  of  the  three  medians  is  greater  than  three-fourths  of 

the  perimeter  of  the  triangle. 

26.  Construct  an  equilateral  triangle,  having  given  the  perpendicular 

from  any  vertex  on  the  opposite  side. 

Construct  an  isosceles  triangle,  having  given  : 

27.  The  vertical  angle  and  the  perpendicular  from  it  to  the  base. 

28.  The  perimeter  and  the  perpendicular  from  the  vertex  "to  the 

base. 

Construct  a  right-angled  triangle,  having  given  : 

29.  The  hypotenuse  and  an  acute  angle. 

30.  The  hypotenuse  and  a  side. 

31.  The  hypotenuse  and  the  sum  of  the  other  sides. 

32.  The  hypotenuse  and  the  difference  of  the  other  sides. 

33.  The  perpendicular  from  the  right  angle  on  the  hypotenuse  and 

a  side. 
34  The  median,  and  the  perpendicular  from  the  right  angle,  to  the 
hypotenuse. 

35.  An  acute  angle  and  the  sum  of  the  sides  about  the  right  angle. 

36.  An  acute  angle  and  the  difference  of  the  sides  about  the  right 

angle. 

Construct  a  triangle,  having  given  : 

37.  Two  sides  and  an  angle  opposite  to  one  of  them.     Examine  the 

cases  when  the  angle  is  acute,  right,  and  obtuse. 

38.  One  side,  an  a»gle  adjacent  to  it,  and  the  sum  of  the  other  two 

aides. 

39.  One  side,  an  angle  adjacent  to  it,  and  the  difference  of  the  other 

two  sides. 

40.  One  side,  the  angle  opposite  to  it,  and  the  sum  of  the  oth«r  tw« 

sides. 

H 
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41.  One  side,  the  angle  oiinosite  to  it,  and  the  difference  of  the 

other  two  sides. 

42.  An  angle,  its  bisector,  and  the  perpendicular  from  the  angle  on 

the  opposite  side. 

43.  The  angles  and  the  sum  of  two  sides. 

44.  The  angles  and  the  difference  of  two  sides. 

45.  The  perimeter  and  the  angles  at  the  base. 
4').  Two  sides  and  one  median. 

47.  One  side  and  two  medians. 

48.  The  three  medians. 

Construct  a  squaro,  having  given  : 

49.  The  sum  of  a  side  and  a  diagonal. 

50.  The  difference  of  a  side  and  a  diagonal. 

Construct  a  rectanyle,  having  given  : 

51.  One  side  and  the  angle  of  intersection  of  the  diagonals. 

52.  The  perimeter  and  a  diagonal. 

53.  The  perimeter  and  the  angle  of  intersection  of  the  diagonals. 

54.  The  difference  of  two  sides  and  tLe  angle  of  intersection  of  the 

diagonals. 

Construct  a  |i™,  Laving  given  -. 

55.  The  diagonals  and  a  side. 

56.  The  diagonals  and  their  angle  of  intersection. 
37.  A  side,  an  angle,  and  a  diagonal. 

58.  Construct  a  Ij""  the  area  and  perimeter  of  which  shall  =  the  area 

and  perimeter  of  a  given  triangle. 

59.  The  diagonals  of  all  the  |;™^  inscribed*  in  a  given  H^"  intersect  one 

another  at  the  same  point. 

60.  In  a  given  rhombus  inscribe  a  square. 

61.  In  a  given  right-angled  isosceles  triangle  inscribe  a  square. 

62.  In  a  given  square  intcril>e  nn  equilateral  triangle  having  one  of 

its  vertices  coinciding  with  a  vertex  of  the  square. 

63.  AA',  BB\  CC  are  straight  lines  drawn  from  the  angidar  points 

of  a  triangle  thiough  any  point  0  within  the  triangle,  and 
cutting  the  ojijiosite  sides  at  A',  B',  C".  AP,  BQ,  CR  are  cut 
off  from  A  A',  BE',  CC,  and  =  0A\  OR,  OC.  Prove 
A  A'BC  =  A  PQR. 

*  One  figure  is  inscribed  in  another  when  the  vertices  of  the  first  figure 
are  on  the  sides  of  the  second. 
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64.  On   AB,  AC,   sides  of   a  ABC,  the    ||™=  ABDE,   ACFG  are 

described  ;  DE  and  FG  are  produced  to  meet  at  H,  and  AH 
is  joined  ;  through  B  and  C,  BL  and  CM  are  drawn  \\  AH, 
and  meeting  i)£'  and  /"(?  at  L  and  J/.  If  iJ/  be  joined, 
BCML  is  a  r,  and  =  li""  5£'  +  \r  CG.     (Pappus,  IV.  1.) 

65.  Deduce  I.  47  from  the  preceding  deduction. 

66.  If  three  concurrent  straight  Hues  be  respectively  perpendicular 

to  the  three  sides  of  a  triangle,  they  divide  the  sides  into 
segments  such  that  the  sums  of  the  squares  of  the  alternate 
segments  taken  cyclically  (that  is,  going  round  the  triangle) 
are  equal  ;  and  conversely. 

67.  Prove  App.  I.  2,  3  by  the  preceding  deduction. 

68.  If  from  the  middle  point  of  the  base  of  a  triangle,  perpendiculara 

be  drawn  to  the  bisectors  of  the  interior  and  exterior  vertical 
angles,  these  perpendiculars  will  intercept  on  the  sides 
segments  equal  to  half  the  sum  or  half  the  difference  of  the 
sides. 

69.  In  the  figure  to  the   preceding  deduction,  find  all  the  angles 

which  are  equal  to  half  the  siim  or  half  the  difference  of  the 
base  angles  of  the  triangle. 

70.  If  the  straight  lines  bisecting  the  angles  at  the  base  of  a  triangle, 

and  terminated  by  the  opposite  sides,  be  equal,  the  triangle  is 
isosceles.  Examine  the  case  when  the  angles  below  the  base 
are  bisected.  [See  Notivelles  Annates  de  Mathematiques 
(1842),  pp.  138  and  311;  Lady's  and  Gentleman^s  Diary  ior 
1857,  p.  58 ;  for  1859,  p.  87  ;  for  1S60,  p.  84  ;  London,  Edin- 
buryh,  and  Dublin  Philosophical  Magazine,  1852,  p.  366,  and 
1874,  p.  354.] 

Loci. 

1.  The  locus  of  the  points  :;ituated  at  a  given  distance  from  a 

given  straight  line,  consists  of  two  straight  lines  parallel  to 
the  given  straight  line,  and  on  opposite  sides  of  it. 

2.  The  locus  of  the  points  situated  at  a  given  distance  from  the 

O"^  of  a  given  circle  consists  of  the  O"'  of  two  circles  con- 
centric with  the  given  circle.  Examine  whether  the  locus 
will  always  consist  of  two  0'=^^ 

[The  distance  of  a  point  from  the  circumference  of  a  circle  is 
measured  on  the  straight  line  joining  the  point  to  the  centre 
of  the  circle.] 
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3.  The  locus  of  the  points  equidistant  from  two  given  straight  lines 

which  intersect,  consists  of  the  two  bisectors  of  the  angles 
made  by  the  given  straight  lines. 

4.  What   is   the   locus   when   the   two   given   straight    lines    are 

parallel  ? 

5.  The  locus  of  the  vertices  of  all  the  triangles  which  have  the 

same  base,  and  one  of  their  sides  equal  to  a  given  length, 
consists  of  the  O'^'*' of  two  circles.  Determine  their  centres 
and  the  length  of  their  radii. 

6.  The  locus  of  the  vertices  of  all  the  triangles  which  have  the 

same  base,  and  one  of  the  angles  at  the  base  equal  to  a  given 
angle,  consists  of  the  sides  or  the  sides  produced  of  a  certain 
rhombus. 

7.  Find  the  locus  of  the  centre  of  a  circle  which  shall  pass  through 

a  given  point,  and  have  its  radius  equal  to  a  given  straight 
line. 

8.  Find  the  locus  of  the  centres  of  the  circles  which  pass  through 

two  given  points. 

9.  Find  the  locus  of  the  vertices  of  all  the  isosceles  triangles  which 

stand  on  a  given  base. 

10.  Find  the  locus  of  the  vertices  of  all  the  triangles  which  have 

the  same  base,  and  the  median  to  that  base  equal  to  a  given 
length. 

11.  Find  the  locus  of  the  vertices  of  all  the  triangles  which  have  the 

same  base  and  equal  altitudes. 

12.  Find  the  locus  -oi  the  vertices  of  all  the  triangles  which  have  the 

same  base,  and  their  areas  equal. 

13.  Find  the  locus  of  the  middle  points  of  all   the  straight  lines 

drawn  from  a  given  point  to  meet  a  given  straight  line. 

14.  A  series  of  triangles  stand  on  the  same  base  and  between  the 

same  parallels.  Find  the  locus  of  the  middle  points  of  their 
sides. 

15.  A  series  of  ||""  stand  on  the  same  base  and  between  the  same 

parallels.  Find  the  locus  of  the  intersection  of  their 
diagonals. 

16.  From   any  point   in  the  base  of   a  triangle  sfrniglit  lines  are 

drawn  parallel  to  the  sides.  Find  the  locus  of  the  intersection 
of  the  diagonals  of  every  |!""  thus  formed 

17.  Straight  Ines   are  drawn    ]  arallel  to  the  base  of  a  triangle,  to 

meet  the  sides  or  the  sides  produced.  Find  the  locus  of  their 
middle  points. 
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IS.  Find  the  locus  of  the  angular  point  opposite  to  the  hypotenuse 
of  all  the  right-angled  triangles  that  have  the  same  hypoten- 
use. 

19.  A  ladder  stands  upright  against  a  perjjendicular  wall.     The  foot 

of  it  is  gradually  drawn  outwards  till  the  ladder  lies  on  the 
ground.  Prove  that  the  middle  point  of  the  ladder  has 
described  part  of  the  o  "  of  a  circle. 

20.  Find  the  locus  of  the  points  at  which  two  equal  segments  of  a 

straight  line  subtend  equal  angles. 

21.  A  straight  line  of  constant  length  remains  always  parallel  to 

itself,  while  one  of  its  extremities  describes  the  O  ''*  of  a  circle. 
Find  the  locus  of  the  other  extremity. 

22.  Find  the  locus  of  the  vertices  of  all  the  triangles  which  have  the 

same  base  BC,  and  the  median  from  B  equal  to  a  given 
length. 

23.  The  base  and  the  difference  of  the  two  sides  of  a  triangle  are 

given  ;  find  the  locus  of  the  feet  of  the  perpendiculars  drawn 
from  the  ends  of  the  base  to  the  bisector  of  the  interior 
vertical  angle. 

24.  The  base  and  the  sum  of  the  two  sides  of  a  triangle  are  given ; 

find  the  locus  of  the  feet  of  the  perpendiculars  drawn  from 
the  ends  of  the  base  to  the  bisector  of  the  exterior  vertical 
angle. 

25.  Three  sides  and  a  diagonal  of  a  quadrilateral  are  given  :  find  the 

locus  (1)  of  the  undetermined  vertex,  (2)  of  the  middle  point 
of  the  second  diagonal,  (3)  of  the  middle  point  of  the  straight 
line  which  joins  the  middle  points  of  the  two  diagonals. 
{Solutions  raisonnees  des  Prohlemes  enonces  dant  lei  ElemenU 
de  tjleometrie  de  M.  A,  Amiot,  T^^^  ed.  p.  1244 
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DEFIXITIOXS. 

1.  A  rectangle  (or  rectangular  paraUelogi'am)  is  said  to 
be  contained  by  any  two  of  its  conterminous  sides. 

Thus  the  rectangle  ABCD  is  said  to    Ai  iB 

be  contained  \>y  AB  and  EC ;  or  by  EC 
and  CD ;  or  by  CD  and  DA  ;  or  by 
DA  and  AE. 


D 
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The  reason  of  this  is,  that  if  the  lengths  of  any  two  conterminous 
sides  of  a  rectangle  are  given,  the  rectangle  can  lie  constructed  ;  or, 
what  comes  to  the  same  thing,  that  if  two  conterminous  sides  of  one 
rectangle  are  respectively  equal  to  two  conterminous  sides  of  anothei 
rectangle,  the  two  rectangles  are  equal  in  all  respects.  The  truth 
of  the  latter  statement  may  be  proved  by  applying  the  one  rectangle 
to  the  other. 

2.  It  is  oftener  the  case  than  not,  that  the  rectangle  con- 
tained by  two  straight  lines  is  spoken  of  when  the  two 
straight  lines  do  not  actually  contain  any  rectangle.  When 
this  is  so,  the  rectangle  contained  by  the  two  straight  Imes 
will  signify  the  rectangle  contained  by  either  of  them,  and 
a  straight  line  equal  to  the  other,  or  the  rectangle  contained 
by  two  other  straight  lines  respectively  equal  to  them. 


Fig.  1. 


Fig.  2. 
Ci |D 


fl 


Fig.  3. 
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Thus  ABEF  (fig.  1)  may  be  considered  the  rectangle  contained 
by  AB  and  CD,  if  BE  ==  CD  ;  CDEF  (fig.  2)  may  be  considered 
the  rectangle  contained  hy  AB  and  CD,  if  DE  =  AB ;  and  EFGB 
(fig.  3)  may  be  considered  the  rectangle  contained  by  ^.6  and  CD,  if 
EF  =  AB  and  FG  =  CD. 

3.  As  the  rectangle  and  the  square  are  the  figures  which 
the  Second  Book  of  Euclid  treats  of,  phrases  such  as  '  the 
rectangle  contained  by  AB  and  AC,'  and  'the  square 
described  on  AB,'  will  be  of  constant  occurrence.  It  is 
usual,  therefore,  to  employ  abbreviations  for  these  phrases. 
The  abbreviation  which  will  be  made  use  of  in  the  present 
text-book*  for  'the  rectangle  contained  hj  AB  and  £C'  is 
AB-BC,  and  for  'the  square  described  on  AB,'  AB^. 

4.  When  a  point  is  taken  in  a  straight  line,  it  is  often 
called  a  point  of  section,  and  the  distances  of  this  point 
from  the  ends  of  the  line  are  caUed  segments  of  the  line. 

D 

A 1 -B 


Thus  the  point  of  section  D  divides  AB  into  two  segments  AD 
and  BD. 

In  this  case  AB  is  said  to  be  divided  internally  at  D,  and  AD  and 
BD  are  called  internal  segments. 

The  given  straight  line  is  equal  to  the  sum  of  its  internal  seg- 
ments ;  for  AB  =  AD  +  BD. 

5.  When  a  point  is  taken  in  a  straight  line  produced,  it 
is  also  called  a  point  of  section,  and  its  distances  from  the 
ends  of  the  line  are  called  segments  of  the  line. 

A B p  D A B 


Thus  D  is  called  a  point  of  section  of  AB,  and  the  segments  into 
which  it  is  said  to  divide  AB  are  AD  and  BD. 

*  In  certain  written  examinations  in  England,  the  only  abbreviation 
allowed  for  'the  rectangle  contained  by  AB  and  BC  is  rect.  AB,  BO, 
and  for  '  the  square  described  on  AB,'  sq.  on  AB  ;  the  pupil,  therefore,  if 
preparing  for  these  examinations,  should  practise  himself  in  the  use  of 
«uch  abbreviat'ons. 
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In  this  case,  AB  is  said  to  be  divided  externally  at  D,  and 
AD,  BD  are  called  external  segments. 

The  given  straight  line  is  equal  to  the  difference  of  its  external 
segments ;  ior  AB  =  AD  -  BD,  or  BD  -  AD. 

6.  When  a  straight  luie  is  divided  into  two  segments, 
such  that  the  rectangle  contained  by  the  whole  line  and 
one  of  the  segments  is  equal  to  the  square  on  the  other 
segment,  the  straight  line  is  said  to  be  divided  in  medial 
section.* 

H 

A \ B 

Thus,  if  AB  be  divided  at  H  into  two  segments  AH  and  BH, 
such  that  AB  •  BH  =  AH^,  AB  is  said  to  be  divided  in  medial 
section  at  H 

It  will  be  seen  that  AB  is  internally  divided  at  H;  and  in 
general,  when  a  straight  line  is  said  to  be  divided  in  medial  section, 
it  is  understood  to  be  internally  divided.  But  the  definition  need 
not  be  restricted  to  internal  division. 

h; A B 

Thus,  if  .45  be  divided  at  //'  into  two  segments  AH'  and  BH', 
such  that  AB  •  BH'  =  AH'-,  AB  in  this  case  also  may  be  said  to  be 
divided  in  medial  section. 

7.  The  projection  t  of  a  point  on  a  straight  line  is  the 
foot  of  the  perpendicular  drawn  from  the  point  to  the 
straight  line. 


B- 


D 

Thus  D  is  the  projection  of  A  on  the  straight  line  BC. 
8.  The  projection  of  one  straight  line  on  another  straight 

*  The  phrase,  'medial  section,'  seems  to  be  due  to  Leslie.  See  his 
Slements  of  Geometry  (1809),  p.  66. 

t  Sometimes  the  adjective  '  orthogonal '  is  prefixed  to  the  word  pro- 
ieation,  to  distinguish  this  kind  from  others. 
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line  is  that  portion  of  tne  second  intercepted  betAveen  per- 
pendiculars drawn  to  it  from  the  ends  of  the  first. 


Fig.  1. 


Fig.  2. 


EG  HK  LFEA  HK  DF 

Thus  the  projections  oi  AB  and  CD  on  EF  are,  in  fig.  1,  GH  and 
KL  ;  in  tig.  2,  AH  and  KD. 

While  the  straight  line  to  be  projected  must  be  limited  in  length, 
the  straight  line  on  which  it  is  to  be  projected  must  be  considered 
as  unlimited. 

9.  If  from  a  parallelogram  there  be  taken  away  either 

of    the    parallelograms    about    one   of  its    diagonals,    the 
remaining  figure  is  called  a  gnomon. 

A.  C      B  A  C      B 


H 


D  FED  F      E 

Thus  if  A  DEB  is  a  l!"-^,  BD  one  of  its  diagonals,  and  HF,  CK 
II""  about  the  diagonal  BD,  the  figure  which  remains  when  HF  or 
CK  is  taken  away  from  A  DEB  is  called  a  gnomon.  In  the  first 
case,  when  HF  is  taken  away,  the  gnomon  ABEFGH  (inclosed 
within  thick  lines)  is  usually,  for  shortness'  sake,  called  AKF  or 
HCE ;  in  the  second  case,  when  CK  is  taken  away,  the  gnomon 
ADEKGC  would  similarly  be  called  AFK  or  CHE. 

The  word  '  gnomon '  in  Greek  means,  among  other  things,  a 
carpenter's  square,*  which,  when  the  li""  A  DEB  is  a  square  or  a 


G 

/ 

/ 

*  Another  less  known  figure  was,  from  its  shape,  called  by  the  ancient 
geometers,  'the  shoemaker's  knife.'    See  Pappus,  lY.  section  14. 
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rectangle,  the  figure  ^ /T/*  resembles.     The  only  gnomons  mentioned 
by  Euclid  in  the  second  book  are  parts  of  t^qiiares. 

The  more  general  definition  given  by  Heron  of  Alexandria,  that  a 
gnomon  is  any  figure  which,  when  added  to  another  figure,  prorlnces 
a  figure  similar  to  the  original  one,  will  be  partly  understood  after 
the  fourth  proposition  has  been  read. 


PROPOSITION  1.     Theorem. 

//  there  he  hvo  straight  lines,  one  ofichich  is  divided  inter- 
nally into  any  number  of  segments,  the  rectangle  am- 
tained  by  the  two  straight  lines  is  equal  to  the  rectangles 
contained  by  the  undivided  line  and  the  several  segments 
of  the  divided  line. 

C  E       F         D 


L 


G 
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Let  AB  and  CD  be  the  two  straight  lines, 
and  let  CD  be  divided  internally  into  any  number  of  seg- 
ments CE,  EF,  FD  : 

it   is   required   to  prove    AB  ■  CD  =  AB  ■  CE  +  AB  ■  EF 
+  AB .  FD. 

From  Cdraw  CG  ±  CD  and  ^  AB ;  /.  11,  3 

through  G  draw  GH  \\  CD, 
and  through  E,  F,  D  draw  EK,  FL,  DH  \\  CG.  I.  31 

Then  CH  =  CK  +  EL  +  FH ;  I.  Ax.  8 

that  is,  GC-CD  =  GC  ■  CE  +  KE-  EF  +  LF-FD. 
But  GC,  KE,  LF  are  each  =  AB  ;  Cond.,  I.  34 

.-.  AB  ■  CD  =  AB  ■  CE  +  AB .  EF  +  AB  ■  FD. 
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ALGEBRAICAL   ILLUSTRATION. 

Let  AB  =  a,  CD  =  b,  CE  =c,EF=  d,  FD  =  t; 
then  b  =  c  +  d  +  e. 
Now  AB-CD  =  ab, 

a.udAB.CE  +  AB-EF  +  AB  ■  FD  =  ac  +  ad  +  ae. 
Bur  since  b  —  c  +  d  -^  e, 

.'.  ab  =  ac  +  ad  +  ae  ; 

.\  AB  .  CD  =  AB .  CE  +  AB  ■  EF  +  AB  ■  FD. 

h  The  rectangle  contained  by  two  straight  lines  is  equal  to  twice 
the  rectangle  contained  by  one  of  them  and  half  of  the  other. 

2.  The  rectangle  contained  by  two  straight  lines  is  equal  to  thrice 
the  rectangle  contained  by  one  of  them  and  one-third  of  the 
other. 

3>  The  rectangle  contained  by  two  equal  straight  lines  is  equal  to 
the  square  on  either  of  them. 

4.  If  two  straight  lines  be  each  of  them  divided  internally  into  any 
number  of  segments,  the  rectangle  contained  by  the  two 
straight  lines  is  equal  to  the  several  rectangles  contained  by 
all  the  segments  of  the  one  taken  separately  with  all  the 
segments  of  the  other. 


PEOPOSITION  2.     Theorem. 

If  a  straight  line  be  divided  internalhj  into  any  ttco  segments, 
tiie  square  on  the  straight  line  is  equal  to  the  sum  of  the 
rectangles  contained  by  the  straight  line  and  the  two 
segments. 


D  F        E 

Let   AB  be  diTided   internally  into   any  two   segments 
AC,  CB: 
it  is  required  to  prove  AB^  =  AB  ■  AC  +  AB  •  CB. 
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On  AB  describe  the  square  A  DEB,  I.  46 

and  through  C  draw  CF\\  AD,  meeting  DE  at  F.  /.  31 

Then  AE  =  AF+  CE;  I.  Ax.  8 

that  is,  AB^  =  DA  ■  AC  +  EB  ■  CB. 
But  DA  and  EB  are  each  =  AB; 
.-.  AB^  =  AB-AC  +  AB.  CB. 


ALGEBRAICAL   ILLUSTRATION. 

Let  AC  =  a,  CB  =  b; 
then  AB  =  a  +  b. 

Now,  AB^  =  (a  +  b)^  =  a^  +  2ab  +  b\ 

and  AB-AC  +  AB-CB=(a  +  b)a  +  {a  +  b)b  =  a^  +  2ab->rb'^; 
.-.  AB^^  AB-AC  +  AB-CB. 

1.  Prove  this  proposition  by  taking  another  straight  line  =  AB, 

and  using  the  preceding  projiosition. 

2.  If  a  straight  line  be  divided  internallj'  into  any  three  segments, 

the  square  on  the  straight  line  is  equal  to  the  sum  of  the 
rectangles  contained  by  the  straight  line  and  the  three 
segments. 

3.  If  a  straight   line   be  divided  internally  into   any  number  of 

segments,  the  square  on  the  straight  line  is  equal  to  the  sum 
of  the   rectangles   contained  by  the  straight  line   and  the 
several  segments. 
Show  that  the  proposition  is  equivalent  to  either  of  the  following  : 

4.  The  square  on  the  sum  of  two  straight  lines  is  equal  to  the  two 

rectangles  contained  by  the  sum  and  each  of  the  straight  lines. 

5.  The  square  on  the  greater  of  two  straight  lines  is  equal  to  the 

rectangle  contained  by  the  two  straight  lines  together  with 
the  rectangle  contained  by  the  greater  and  the  diflference 
between  the  two. 
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PROPOSITION  3.     Theorem. 

If  a  straight  line  he  divided  extei'nalhj  into  any  two  secpnents, 

the  square  on  the  straight  line  is  equal  to  the  difference 

of  the  rectangles  contained  by  the  straight  line  and  the 

two  segments. 

A  BO 


. I 


D  E        F 

Let  AB  he  divided  externally  into  any  two  segments 
AC,  CB: 
it  is  required  to  prove  AB^  =  AB  •  AG  —  AB  •  OB. 

On  AB  describe  the  square  ADEB,  I.  46 

and  through  C  draw  CF  ||  AD,  meeting  DE  produced  at 
F.  I.  31 

Then  AE  =  AF  -  CE ;  I.  Ax.  8 

that  is,  AB^  =  DA-AC-EB-  CB. 
But  DA  and  EB  are  each  =  AB  ; 
.-.  AB-^  =  AB-AC  ~  AB-CB. 

Note. — The  enunciation  of  this  proposition  usually  given  is  : 
If  a  straight  line  be  divided  into  any  two  parts,  the  rectangle 
contained  by  the  whole  and  one  of  the  parts  is  equal  to  the  rectangle 
contained  by  the  two  parts  together  with  the  square  on  the  afore- 
said part. 

That  is,  in  reference  to  the  figure, 

ACAB  =  AB-'  +  AB.BC, 
an  expression  which  can  be  easily  deiived  from  that  in  the  text. 

ALGEBRAICAL  ILLUSTRATION. 

Let^C=o,  CB  =  b; 
then  AB  =  a  -  b. 
Now,  AB'^  =  (a  -  6)2  =  a2  -  2ab  +  b^, 
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{a  -  b)b  =  a-  -  2ab  +  b^ ; 


and  AB  ■  AG  -  AB  ■  CB  =  (a  -  b)  a 
.■.AB^  =  ABAG-AB-CB. 

1.  Prove  this  proposition  by  taking  another  straight  line  =  AS, 

and  using  the  first  projxjsition. 
Show   that    the    proposition    is    equivalent   to   either   of    the 
following : 

2.  The  rectangle  contained  by  the  sum  of  two  straight  lines  and 

one  of  them  is  equal  to  the  square  on  that  one  together  with 
the  rectangle  contained  by  the  two  straight  lines. 

3.  The  rectangle  contained  by  two  straight  lines  is  equal  to  the 

square  on  the  less  together  with  the  rectangle  contained  by 
the  less  and  the  difference  of  the  two  straight  lines. 


PROPOSITION  4.     Theorem, 

If  a  straight  line  be  divided  internalhj  into  amj  two  segments, 
the  sq'io.re  on  the  straight  line  is  equal  to  the  squares  on 
the  tivo  segments  increased  by  twice  the  rectangle  con- 
tained by  the  segments. 

A  C      B 


D  .  F        E 

Let  AB  be  divided   internally   into  any  two  segments 
AG,  CB: 
it  is  required  to  prove  AB"  ^AC^  +  CB^  +  2  AC-CB. 

On  AB  describe  the  square  ADEB,  and  join  BD.      I.  4G 
Through  C  draw  CF  \\  AD,  meeting  DB  at  G  ; 
and  through  G  draw  HK  \\  AB,  meeting  DA  and  EB 
at  H  and  K.  I.  31 

Because  CG  ||  AD,         .-.    i.  CGB  -  l  ADB  :         I.  29 
and  because  AD  --  AB,    .-.    l  ADB  =  :.  ABD ;  I.  5 
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.-.    L  CGB  =  L  ABD, 
=  L  CBG  i 
CB  =  CG.  I.  6 

Hence  the  ||"  CK,  having  two  adjacent  sides  eqiial,  has 
all  its  sides  equal.  /,  34 

But  the  11"  CK  has  one  of  its  angles,  KBC,  riglit, 
since  z.  KBC  is  the  same  as  l  ABU; 
.•.  it  has  all  its  angles  right;  /.  34 

.-.  the  ll""  CK  is  a  square,  and  =  CB^.  I.  Def.  32 

Similarly,  the  ^  ^F  is  a  square,  and  =  HG^  =  AC'^. 
Again,  the  |r  AG  =  AC-  CG  =  AC-  CB; 

GE  =  AC-  CB;  I.  43 

AG  +  GE=2  AC-CB. 
^ow  AB^  =  ADEB, 

=  HF  +  CK  +  AG  +  GE,      I.  Ax.  8 
=  AC'^  +  CB^  +  2  AC-  CB. 

Cor.  1. — The  square  on  the  sum  of  two  straight  lines  is 
equal  to  the  sum  of  the  squares  on  the  two  straight  lines, 
increased  by  twice  the  rectangle  contained  by  the  two 
straight  lines. 

For  if  .40  and  CB  be  the  two  straight  lines, 
then  their  sum      =  AC   +  CB    =  AB. 
Now  since    AB^- ^  AC^  +  CB^  +  2  AC  -  CB,  11.  i 

.-.  (AC  +  GBf  =  AC^  +  Cj52  +  2  AC-  CB. 

Cor.  2. — The  H""'  about  a  diagonal  of  a  square  are  them- 
selves squares. 

[It  is  recommended  that  II.  7  be  read  immediately  after  II.  4.] 


OTHERWISE  ; 


C 

\  B 


452=  AB-AC  +  AB-BC,  II.  2 

^[AC  -AC  +  BC-AC)  +  {AC-BC  +  BC  ■  BC),         11.  3 
=  ^C2  +  BC""  +  1  AC-BC. 
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Lit  AC  =  a,  CB  =^  b; 
then  AB  =  a  +  0. 

Now  AB-^=  (a  +  b)-  =  a^  +  2ah  +  /A 
and  AC^  +  CBT-  +  2AG  ■  CB  =  ^2  +  62  +  2ab  ; 
.• .  Am  =  AC^  +  CB^  +  2AC-  CB. 

1.  Name  the  two  figures  which  form  the  sum  of  the  squares  on  AC 

and  CB. 

2.  Name  the  figure  which  is  the  square  on  the  sum  of  AC  and  CB. 

3.  Name  the  figure  which  is  the  difference  of  the  squares  on  AB 

and  AC. 

4.  Name  the  figure  which  is  the  difference  of  tlie  s(juares  on  AB 

and  BC. 

5.  Name  the  figure  whicli  is  the  square  on  the  difference  of  AB  and 

AC. 

6.  Name  the  figure  which  is  the  square  on  the  difference  of  ^5  and 

BC. 

7.  By  how  mucii  does  the  square  on  the  sum  of  AC  and  CB  exceed 

the  sum  of  the  squares  on  AC  and  CB  ? 

8.  Show  that  the  pro])()sition  maybe  enunciated:     The  square  on 

the  sum  of  two  straight  lines  is  greater  than  the  sum  of 
the  squares  on  tlie  two  straight  lines  by  twice  the  rectangle 
contained  by  the  two  straight  lines. 

9.  The  sqiuire  on  any  straight  line  is  equal  to  four  times  the  square 

on  half  of  the  line. 
\0.  If  a  straight  line  be  divided  internally  into  any  three  segments, 

the  square  on  the  whole  line  is  equal  to  the  squares  on  the 

three  segments,  together  with  twice  the  rectangles  contained 

by  every  two  of  the  scLiments. 
11.  Illustrate  the  preceding  deduction  algel^raically. 


PEOPOSITION  5.     Theorem. 

1/  a  stmhiJd  line  he  didded  into  /wo  equal,  and  also  internally 
into  tivo  unequal  segments,  tlie  redawjle  contained  by 
the  unequal  segments  is  equal  to  the  difference  between 
the  sQuare  on  half  the  line  and  the  square  on  the  line 
between  the  points  of  section. 
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Let  AB  be  divided  into  two  equal  segments  AC,  CB, 
and  also  internally  into  two  unequal  segments  AD,  DB  : 
it  is  required  to  prove  AD  -  DB  =  CB"-  -  CD^. 

Gn  CB  describe  the  square  CEFB,  and  join  BE.       /.  46 
Through  D  draw  DHG  \\  CE,  meeting  EB  and  EF  at 
Hajid  G; 

through  ^draw  MHLK  \\  AB,  meeting  FB  and  EG  at 
il/and  L; 
and  through  A  draw  -4^"  ||  CL. 

Then  AD-DB  =  AD-  DH, 

^AH, 

=  AL  +  CH, 
=  CM  +  HF, 
=  gnomon  CMG. 
But  CB2  -  CD^  =  CR^  -  LH\ 

=  CEFB  -  LEGH, 
=  gnomon  CMG.  I.  Ax.  8 

.-.  AD-DB  =  CB^  -  GDI 


I.  31 

//.  4.  Cor 

2 

I.  Ax 

S 

I.  36, 

43 

/.  Ax 

8 

I. 

34 

Cor. — The  diflPerence  of  the  squares  on  two  straight  lines  is 
equal  to  the  rectangle  contained  by  the  sum  and  the  differ 
ence  of  the  two  straight  lines. 

Let  A  C  and  CD  be  the  two  straight  lines  : 
it  is  required  to  prove 
4Q^  -  ai?2  «  i^AG  +  CD)  •  {AC  -  OD), 

I 
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AC  +  CD  =  AD, 
and  AG  -  CD  =  CB  -  CD     =  DB ; 
.'.  {AC  +  CD)  ■  (AC  -  CD)  -  AD  ■  DB, 

=  CB-^  -  CD^, 
^  AC^  -  CDi 
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ALGEBRAICAL  ILLUSTKATION. 

Let  AC  =CB  =  a,  CD  =  b; 
then  AD  =  a  +  b,  and  DB  =  a-  b. 
'Now  AD  ■  DB  =  (a  +  b)  [a  -  b)  =  a^  -  62, 
and  Cfi2  -  CZ)2  =  a^  -  62 ; 
.-.  AD-DB^CB"  -  CD''. 

1.  By  how  much  does  the  rectangle  AC  ■  CB  exceed  the  rectangle 

AD  ■  DB?  The  rectangle  contained  by  the  two  interna^ 
segments  of  a  straight  line  is  the  greatest  possible  when  th^ 
segments  are  equal.     (Pappus,  VII.  13.) 

2.  The  rectangle  contained  by  the   two   internal   segments  of  ?, 

straight  line  grows  less  according  as  the  point  of  section  is 
removed  farther  from  the  middle  point  of  the  straight  line. 
(Pappus,  VII.  14.) 

3.  Prove  that  AC  =^  half  the  sum  and  CD  =  half  the  difference  of 

^Z)andZ>5. 

4.  Name  two  figures  in  the  diagram,  each  of  which  =  the  rectangle 

contained  by  half  the  sum,  and  half  the  difference  oi  AD  and 
.DB. 

5.  Name  that  figiirfl  op.  the  diagram  which  is  the  square  on  half  the 

sum  of  AD  and  DB. 

6.  Name  that  figure  iu,  the  diagram  which  is  the  square  on  half  the 

4ifference  ot  AD  and  DB, 
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7.  Hence  show  that  the  proposition  may  be  enunciated  :    The  rect- 

angle contained  by  any  two  straight  lines  is  equal  to  the 
square  on  half  their  sum  diminished  by  the  square  on  half 
their  difference. 

8.  The  perimeter  of  the  rectangle  A  D  ■  DB  =  the  perimeter  of  the 

square  on  CB. 

9.  Hence  show  that  if  a  square  and  a  rectangle  have  equal  peri- 

meters, the  square  has  the  greater  area. 

10.  Construct  a  rectangle   equal   to  the   difference   of  two  given 

squares. 

11.  By  means  of  the  first  deduction  above,  and  II.  4,  show  that  the 

sum  of  the  squares  on  the  two  segments  of  a  straight  line  is 
least  when  the  segments  are  equal. 
.12.  The  square  on  either  of  the  sides  about  the  I'ight  angle  of  a 
right-angled  triangle,  is  equal  to  the  rectangle  contained  by 
the  sum  and  the  difference  of  the  hypotenuse  and  the  other 
side. 


PEOPOSITION  6.     Theorem. 

If  a  straight  line  he  divided  into  two  equal,  and  also  exter- 
nalli/  into  tivo  unequal  segments,  the  rectangle  con- 
tained hy  the  unequal  segments  is  equal  to  the  difference 
between  the  square  on  the  line  between  the  points  of 
section  and  the  square  on  half  the  line. 
K  L  M      H 


Let  AB  be  divided  into  two  equal  segments  AC,  CB,  and 
also  externally  into  two  unequal  segments  AD,  BD  ; 
ii  is  required  to  prove  AD  •  DB  —  CD'^  —  CE^. 

On  CB  describe  the  square  CEFB,  and  join  BE.      /.  46 
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r 

1 

^ , — .^ 

BL--'''  i 

0 

i 

D 


I. 

31 

//. 

7,  Cor 

2 

I.Ajt 

.  8 

I.  36, 

43 

/.  A.t 

.  8 

/.  34 

E  F      G 

Through  Z)  draw  7/Z)(r  ||  CE,  meeting  EB  and  EF  produced 
at  H  and  G  ; 

through  H  draw  HMLK  \\  AB,  meeting  FB  and  EG  pro- 
duced at  M  and  L  ; 
nnd  through  A  draw  yIA'  ||  CL. 

Then  ADDB  ^  AD-  DH, 

^AH, 
=  AL+  CH, 
=  CM  +  HF, 
=  gnomon  CMG. 
But  CD^  -  0^2  =  2^^2  _  Q^2^ 

=  LEGH  -  CEFB, 
=  gnomon  CMG.  I.  Ax.  8 

.-.  AD-DB  =  CD^  -  CBK 

Cor. — The  difference  of  the  squares  on  two  straight  Hues 
is  equal  to  the  rectangle  contained  by  the  sum  and  the 
difference  of  the  two  straight  lines. 

Let  AC  and  CD  be  the  two  straight  lines  : 
it  is  required  to  x)'>'ove 
CE^  ^  AC^  ^  {CD  +  AC)  ■  (CD  -  AC)- 

CD  +  AC  =  AD, 
and  CD  -  AC  =  CD  -  CB     =  DB  ; 
,-.  {CD  +  AC)  '  {CD  -  AC)  ^  ADDB, 

=  CD^  -  CB\  II  t? 

^  G£>2  -  AC\ 
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OTHERWISE  :  * 

A  C  B 

E I  I  D 

Let  AB  he  divided  into  two  equal  segments  AC,  CB,  a,nd  also 
externally  into  two  unequal  segments  AD,  DB : 
it  is  required  to  prove  AD  ■  DB  =  CD^  -  CB-. 

Produce  BA  to  E,  making  AE  =  BD.  I.  3 

Then  EC  =  CD,  and  EB  =  AD. 
Now,  because  ED  is  divided  into  two  equal  segments  EC,  CD,  and 
also  internally  into  two  unequal  segments  EB,  BD, 
.-.  EBBD  =  CD^  -  CB^ ;  11.  5 

.:  ADBD  =  GD^  -  CB\ 


ALGEBRAICAL   ILLUSTRATION. 

\^AC  =  CB  =  a,CD  =  h; 
then  AD  =  b  +  a,  and  DB  =  b  -  a. 
Now  AD  ■  DB  =  (b  +  a)  (b  -  a)  =  b^  -  a^, 
and  CZ)2  -  CB^  =  ly^  -  a?; 
.:  AD-DB=  CD^  -  CB\ 

1.  Does  the  rectangle  AD  •  DB  exceed  the  rectangle  AH  •  CB'^ 

Examine  the  various  cases. 

2.  The  rectangle   contained  by  the  two    external  segments  of  a 

straight  line  grows  greater  according  as  the  point  of  section 
is  removed  farther  from  the  middle  point  of  the  straight 
line. 

3.  Prove  that  AC  =  half  the  difference,  and  CD  =  half  the  sum  of 

AD  and  DB. 

4.  Name  two  figures  in  the  diagram  each  of  which  =  the  rectangle 

contained  by  half  the  sum  and  half  the  difference  of  AD  and 
DB. 

5.  Name  that  figure  in  the  diagram  which  is  the  square  on  half  the 

sum  of  ^D  and  DB. 

6.  Name  that  figure  in  the  diagram  which  is  the  square  on  half  the 

difference  of  ^  Z>  and  DB. 

*  Due  to  Mauricius  Brescius  (of  Grenoble),  a  professor  of  Mathematics 
in  Paris  (probably  about  the  end  of  the  sixteenth  century). 
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7.  Hence,  show  that  the  proposition  may  be  enunciated  :    The 

rectangle  contained  by  any  two  straight  lines  is  equal  to 
the  square  on  half  their  sum  diminished  by  the  square  on 
half  their  difference. 

8.  The  perimeter  of  the  rectangle  A  D  ■  DB  =  the  perimeter  of  the 

square  on  CD. 


PEOPOSITION  7.     Theorem. 

If  a  straight  line  he  divided  externallij  into  any  two  seg- 
ments, the  square  on  the  straight  line  is  equal  to  the 
squares  on  the  two  segments  diminished  by  twice  the 
rectangle  contained  by  the  segments. 


H  KG 

r~ - -,-;/! 

A^  ^': — ic 


D  E       F 

Let  AB  be  divided  externally  into  any  two  segments 
AO,  CB: 
it  is  required  to  prove  AB^  =  AC-  +  CB"-  -  2  AC ■  CB. 

On  AB  describe  tlie  square  A  DEB,  and  join  BD.     I.  46 
Through  C  draw  CF  ||  AD,  meeting  DB  produced  at  G ; 
and  through  G  draw  HK  ||  AB,  meeting  DA  and  EB  pro- 
duced at  H  and  K.  /.  3 1 


Because  CG  \\  AD,  '  .• 

.  L  CGB  = 

L  ADB; 

I.  29 

md  because  AD  =  AB,  .• 

.  ^  ADB  = 

..  ABD; 

/.  5 

.-.  L  CGB  =   L  ABD, 

=  L  CBG; 

/.  15 

CB  =  CG. 

/„  6 

Hence  the  H'"  CK,  having  two  adjacent  sides  equal,  has  all 
its  sides  equal.  /.  34 
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r>ut  the  II™  CK  has  one  of  its  angles,  KBC,  right, 
since  l  KBC  =  l.  ABE;  I.  15 

.•.  it  has  all  its  angles  right;  /.  34 

.-.  the  r  GK  is  a  square,  and  =  CB^.  I.  Def.  32 

Similarly,  the  H""  HF  is  a  square,  and  =  HG'^  =  AC^ 
Again,  the  |r  AG  =  AC ■  CG  =  AC-  CB ; 

GE  =  AC-  CB;  I.  43 

AG  +  GE  ='2  AC-  CB. 
^ovf  AB-  =  ADEB, 

=  HF+  CK  -  AG  -  GE,      I.  Ax.  8 
=  AC-^  +  CB-  -  2  AC-  CB. 

Cor.  1. — The  square  on  the  difference  of  two  straight 
lines  is  equal  to  the  sum  of  the  squares  on  the  two  straight 
lines  diminished  by  twice  the  rectangle  contained  by  the 
two  straight  lines. 

For  \i  AC  and  CB  be  the  two  straight  lines, 
then  their  difference  =  AC   —  CB    =  AB. 
Now  smce  AB^  =  AC'^  +  CB'-  -  2  AC ■  CB,  II.  7 

{AC  -  CBf  =  AG-^  +  CB-^  -  2  AC-  CB. 

Cor.  2. — The  H"^  about  a  square's  diagonal  produced  are 
themselves  squares. 


OTHERWISE  i 


AB"=  AB-AG  -  AB-BC,  II.  3 

=  (AC-AC  -  BC-AC)  -  (AC  -  BC  -  BC  -  BO),  11.2,3 

=  AC^  +  BC^-2AC-BC. 

.    ALGEBRAICAL   ILLUSTRATION. 

Let  AC  =  a,  CB  =  b; 
then  AB  =  a  -  b. 

Now  AB^  ={a  -  b)-^  =  a-  -  2ab  +  h\ 
and  AC-  +  CB^  -  2  AC  ■  CB  =  a'  +  b^  -  2ahj 
.-.  Am  =  AG^  +  CB^  -  2  AC  ■  CB. 
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1.  Name  the  two  figures  which  form  the  sum  of  the  squares  on  ^C 

and  CB. 

2.  Name  the  figure  which  is  the  square  on  the  diflference  of  A  0 

and  CB. 

3.  Name  the  figure  which  is  the  difference  of  the  squares  on  AB 

and  A  C. 
Name  the  figure  which  is  the  square  on  the  difference  oi  AB 

and  AC. 
By  how  much  is  the  square  on  the  difference  oi  AC  and  CB 

exceeded  by  the  sum  of  the  squares  on  AC  and  CB  ? 
Show  that  the  proposition  may  be  enunciated  :  The  square  on 

the  difference  of  two  straight  lines  is  less  than  the  sum  of 

the  squares  on  the  two  straight  lines  by  twice  the  rectangle 

contained  by  the  two  straight  lines. 
The  sum  of  tlie  squares  on  two  straight  lines  is  never  less  than 

twice  the  rectangle  contained  by  the  two  straight  lines. 
If  a  straight  line  be  divided  internally  into  two  segments,  and 

if  twice  the  rectangle  contained  by  the  segments  be  equal  to 

the  sum  of  the  squares  on  the  segments,  the  straight  line  is 

bisected. 


4. 


PROPOSITION  8.     Theorem. 

The  square  on  the  sum  of  two  straight  lines  diminished  by 
tne  square  on  their  difference,  is  equal  to  four  times  the 
rectangle  contained  by  the  two  straight  lines. 

A  B     C 


"IF 


EG  D 

Let  AB  and  BC  be  two  straight  lines 
it  is  required  to  ]0'>-ooe    {AB  +  BC)- 
4  AB  ■  BC. 


1 

..N_ L      ! 

1 

1 

i 

1 

1 
1 
1 
1 
1 

M 

-t-' 

(AB  -  Bcy-  =, 
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Place  AB  and  BC  in  the  same  straight  line, 
and  on  yl (7  describe  the  square  AGDE.  I.  46 

From  CD,  DE,  EA  cut  off  CF,  DG,  EH  each  =  AB ;     I.  3 
through  B  and  G  draw  BL,  GN  \\  AE, 
and  through  E  and  H  draw  EM,  HK  \\  AC.  L  31 

Then  all  the  ||""  in  the  figure  are  rectangles.      /.  34,  Cor. 
Now  because  CD,  DE,  EA  are  each  ^  AC,  I.  Def.  32 

f.nd  CE,  DG,  EH  are  each  ^  AB ;  Const. 

DE,  EG,  AH  are  each  =  BC; 
.'.   the    four    rectangles    AK,    CL,    DM,    EN  are    eacii 
=  AB .  BC. 

Because  AC  =  AB  +  BC, 
.-.  ACDE  =  AC-^  ^  (AB  +  BCf. 

Because  BL,  EM,  GN,  HK  are  each  =  AB,  I.  34 

and  BK,  EL,  GM,  HN  are  each  =  BC ;  I.  34 

KL,  LM,  MN,  NK  are  each  =  AB  -  BC ; 
.'.  the  rectangle  KLMN  is  a  square,  and  =  {AB  —  BCY. 
Hence  {AB  +  BCf  -  {AB  -  BCf  =  ACDE  -  KLMN, 

=  AK  +  CL  -{-  DM  +  EN, 
=  4AB'BC. 

OTHERWISE  : 

{AB  +  BC)^  =  AB^  +  BC-  +  2  AB  ■  BG,  IL  4,  Cor.  1 

{AB  -  BCf  =  Am  +  5(7=-'  -2AB-  BC.  IL  7,  Cor,  I 

Subtract  the  second  equality  from  the  first ; 
then  [AB  +  BCf  -  [AB  -  BCf  =  4  AB  .  BG. 

ALGEBRAICAL   ILLUSTRATION. 

Let  AB  =  a,  BC  =  b  ; 
then  AB  +  BC  =  a  +  b,  and  AB  ~  BC  =  a  -  b. 
Now  {AB  +  BC)"^  -  {AB  -  BCf  =  (a  +  bf  -  {a  -  bf  =  4a6, 
and4  J5.5C=4a^); 
.^  {AB  +  BCf  -  {AB  -  BCf  =^4:AB  ■  BC. 
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1.  Name  the  figure  which  is  the  square  on  the  sum  oi  AB  and  £C. 

2.  Name  the  figure  which  is  the  square  on  the  difference  of  AB 

and  BC. 

3.  Name  the  figiires  by  which  the  square  on  the  sum  oi  AB  and 

BC  exceeds  the  square  on  the  difference  oi  AB  and  BC. 

4.  By  how  much  does  the  square  on  the  sum  of  ^^  and  BC  exceed 

the  sum  of  the  squares  on  AB  and  BC ? 

5.  By  how  much  does  the  sum  of  the  squares  on  AB  and  BC 

exceed  the  square  on  the  diff'erence  of  AB  and  BGi 


PROPOSITION  9.     Theorem. 

If  a  straight  line  he  divided  into  tico  equal,  and,  also  inter- 
nally into  two  unequal  segments,  the  sum  of  the  squares 
on  the  two  imeqtial  segments  is  double  the  sum  of  the 
squares  on  half  the  line  and  on  the  line  between  the 
points  of  section. 

E 

.*• 


^ 


A  CD  B 

Let  AB  be  divided  into  two  equal  segments  AC,  CB,  and 
also  internally  into  two  unequal  segments  AD,  DB  : 
it  is  required  to  prove  AD^  +  DB^  =  2  AC^  +  2  GD^. 

From  C  draw  CE  ±  AB,  and  =  AC  or  CB,        /.  11,  3 
and  join  AE,  EB. 

Through  D  draw  DF  \\  CE,  meeting  EB  at  F;  J.  31 

through  F  draw  EG  ||  AB,  meeting  EC  at  G;  I.  31 

and  join  AF. 

(1)  To  prove  l  ^JJ^  right. 
Because  l  A  CE  is  right, 
.-.  I.  CAE  +   L  CEA  =  a  ri-;lit  angle.  /.  32 
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But  L  GAE  =  L  CEA;  I.  5 

.-.  each  of  them  is  half  a  right  angle. 
Similarly,  l  CBE  and  l  CEB  are  each  half  a  right  angle ; 

.-.   L  AEB  is  right. 

(2)  To  prove  EG  =  GF. 

L  EGF  is  right,  because  it  -  A  ECB ;  I.  29 

and  L  GEF  was  proved  to  be  half  a  right  angle  ] 
.-.    L  GFE  is  half  a  right  angle ;  /.  32 

.-.    L  GEF  =  L  GFE; 

EG  =  GF.  I.  6 

(3)  To  prove  DF  =  DB. 
L  FDB  is  right,  because  it  ■=   L  ECB; 

and  L  DBF  is  half  a  right  angle,  being  the  same  as 
.'.   z.  DFB  is  half  a  right  angle; 
.-.  I.  DBF  -    ^  DFB; 

DF  =  DB. 
Now  AD^  +  D&  =  AD^  +  DF^, 

AF\ 

AE^        +        EF'^, 

=  AC^  +  CE^  +  EG'^  +  GF\ 

2  AC^  +  2  GF\ 

1AG-^  +  2CD\ 

OTHERWISE  : 

Consider  A  C  and  CD  as  two  straight  lines ; 
then      AD  =  AC  +  CD, 
and        DB^CB  -  CD  =  AC  -  CD. 

Hence  AD^  =  (AC  +  CD^  =  AC^  +  CD"-  +2  AC  CD,    IT.  4,  Cor.  1 
and      DB^={AC -CDT-  =  AC"'  +  CD^-2AC-CD.     II.l,Cor.\ 
Add  the  second  equality  to  the  first ; 
then  AD^  +  DB^  =  2AC^  +  2CD\ 

ALGEBRAICAL  ILLUSTRATION. 

'LetAC=CB  =  a,  CD  =  b; 
then  AD  =  a  +  b,  and  DB  =  a  -  b. 
Now  AD^  +  DB^  =  (a  +  bf  +  (a  -  bf  =  2a^  +  2b^ 


I.  29 

s  L  CBE, 

I.  32 

/.  6 

(3) 

/.  47 

/.  47,  (1) 

/.  47 

Const,  (2) 

7.34 
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a,nd  2  AC^  +  2  CD'-  =  2a^  +  2b^  ; 
:.  AD^  +  DB^  =  2AG^  +  2GD^. 

1.  Show  that  the  proposition  may  be  enunciated :  The  square  on 

the  sum  together  with  the  square  on  the  difference  of  two 
straight  lines  =  twice  the  sum  of  the  squares  on  the  two 
straight  lines.  Or,  The  sum  of  the  squares  on  two  straight 
lines  =  twice  the  square  on  half  their  sum  together  with 
twice  the  square  on  half  their  difference. 

2.  By  how  much  does  AD^  +  DB-  exceed  AC^  +  Cfi^? 

?..  The  sum  of  the  squares  on  two  internal  segments  of  a  straight 
line  is  the  least  possible  when  the  straight  line  is  bisecteH. 

4.  The  sum  of  the  squares  on  two  internal  segments  of  a  straight 
line  becomes  greater  and  greater  the  nearer  the  point  of 
section  approaches  either  end  of  the  line.  (Euclid,  x.  Lemma 
before  Prop.  43.) 

.n.  Prove  that  AD"^  +  DB"-  =  4  C'D^^  +  2AD-  DB. 

6.  In  the  hypotenuse  of  an  isosceles  right-angled  triangle  any  jioint 
is  taken  and  joined  to  the  oi)i)osite  vertex  ;  prove  that  twice 
the  square  on  this  straight  line  is  equal  to  the  sum  of  the 
squares  on  the  segments  of  the  hypotenuse. 


PEOPOSITION  10.     Theorem. 

If  a  straight  line  be  divided  into  two  equal,  and  also  exter- 
nally into  two  unequal  segments,  the  sum  of  the  squares 
on  the  two  unequal  segments  is  double  the  sum  of  the 
squares  on  half  the  line  and  on  the  line  between  the 
jwints  of  section.  „ 


A.- 


G 


C  VB 


,D 


.^F 


Let  AB  be  divided  into  two  equal  segments  AC,  CB,  and 
also  externally  into  two  unequal  segments  AD,  DB  : 
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it  is  required  to  prove  AD^-  +  DB^  =  2  AC'^  +  3  CD^ 

From  C  draw  CE  ±  AB,  and  =  AC  ov  CB,  I.  l\,  3 

and  join  AE,  EB. 

Through  D  draw  DF\\  CE,  meeting  EB  produced 
at  F;  I.  31 

tlirough  F  draw  EG  \\  AB,  meeting  EC  produced 
at  G;  ,  /.  31 

and  join  AF. 

(1)  To  prove  l  AEB  right. 
Because  l  ACE  is  right, 

..\  L  CAE  +  L  CEA  =  a  right  angle.  /.  32 

But  L  CAE  =  L  CEA;  I.  5 

.*.  each  of  them  is  half  a  right  angle. 
Similarly,  l.  CBE  and  l  CEB  are  each  half  a  right  angle ; 

.-.  L  AEB  is  right. 

(2)  To  prove  EG  =  GF. 

L  EGF  is  right,  because  it  =   ^  ECB ;  /.  29 
and  L  GEF  was  proved  to  be  half  a  right  angle ; 

.-.  L  GEE  is  half  a  right  angle ;  /,  32 
.♦.  L  GEF  =   L  GEE; 

EG  =  GF.  I.  6 
-   (3)  To  prove  DF  =  DB. 

L  FDB  is  right,  because  it  =  z.  ECB;  I.  29 
and  L  DBF  is  half  a  right  angle,  being  =  l  CBE;         /.  15 

.-.   L  DEB  is  half  a  right  angle;  /.  32 
.-,  L  DBF  =  c  DEB; 

DF  =  DB.  I.  6 

Now  AD'^  +  Z>52  =            AD'^  ■'.-  DF\  (3) 

AF'^,  I.  47 

AE^       +       EF\  I.  47,  (1) 

^  AC-' +  CE^  +  EG^  +  GF'-,  7.47 

B         2AC^  +  2GF'^,  Const.,  (2) 

m        2Ad■2QD^  /.  84 
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A^m. 


vR    D 


■■•'it 


OTHERWISE  : 

Consider  A  C  and  CD  as  two  straight  lines ; 
then      AD  =  CD  +  AC, 
and       DB  =  CD  -  CB=CD  -  AG. 
Hence  AD'^  =  [CD  +  ACf  =  CD'^  +  AC'^  +  2GD- 
and       DB^=(CD-AC}^=CD"-  +  AC^ -2CB 
Add  the  second  equality  to  the  first ; 
then  AD^  +  DB^  =  2CZ)2  +  lAC^ 


AC; 
AC. 


II.  4,  Cor.  1 
//.  7,  Cm:  1 


E 


or: 
C 


■  D 


Let  AB  he  divided  into  two  equal  segments  AC,  CB,  and  also 
externally  into  two  unequal  segments  A  D,  DB  : 
it  is  required  to  prove  AD^  +  DB^  =  2  AC^  +  2  CD\ 

Produce  BA  to  E,  making  AE  =  BD.  I.  3 

Then  EC  =  CD,  and  EB  =  AD. 
Now  because  ED  is  divided  into  two  equal  segments  EC,  CD,  and 
also  internally  into  two  unequal  segments  EB,  BD  j 
.-.    EB'  +  BD^  =  2EC^  +2CB^;  JI.  9 

.-.  AD^  +  Bm  =  2  CD'  +  2  AC. 

ALGEBRAICAL   ILLUSTRATION. 

'LeiAC=CB  =  a,CD^h; 
then  AD  =  b  -\^  a,  and  DB  =  b  -  a. 
Now  AD'  +  DB'  =  (6  +  a)'  +  {b  -  a)'  =  26^  +  2a», 
and  2  AC  +  2  CD'  =  2  a'  +  2b' ; 
.-.  AD^  +  DB'  =  2  AC  +  2  CD'. 


*  Clavii  Commentaria  in  Euclidis  EUmenta  Oeotnetrica  (1612),  p.  93L 
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1.  Show  that  the  proposition  may  be  enunciated  :    The  square  on 

the  sum  together  with  the  square  on  the  difference  of  two 
straight  lines  =  twice  the  sum  of  the  squares  on  the  two 
straight  lines.  Or,  The  sum  of  the  squares  on  two  straight 
lines  =  twice  the  square  on  half  their  sum  together  with 
twice  the  square  on  half  their  diffei'ence. 

2.  By  how  much  does  AD^  +  DB'  exceed  AC-  +  CB^l 

3.  The  sum  of  the  squares  on  two  external  segments  of  a  straight 

line  becomes  less  and  less  the  nearer  the  point  of  section 
approaches  either  end  of  the  line. 

4.  Prove  that  AD^  +  DR-  =  4  CD"  -2  AD-  DB. 

5.  In  the  hypotenuse  produced  of  an  isosceles  right-angled  triangle, 

any  point  is  taken  and  joined  to  the  opposite  vertex  ;  prove 
that  twice  the  square  on  this  straight  line  is  equal  to  the  sum 
of  the  squares  on  the  segments  of  the  hypotenuse. 


PROPOSITION  11.     Problem. 

To  divide  a  given  straight  line  internally  and  externally*  in 
medial  section. 


F 

G 

L' 

A 

H 

B 
D 

E 

■^ 

C 

] 

Ci 

O' 

F 

Let  AB  be  the  given  straight  line : 
il  is  required  to  divide  it  in  medial  section. 

*  The  second  part  of  this  proposition  is  not  given  by  Euclid. 


138 


Euclid's  elements. 

Fr |G 


[Book  11 


(1)  Internally : 

On  AB  describe  the  square  ABDG.  /.  46 

Bisect  ^ Cat  ^/  /.  10 

join  EB,  and  produce  CA  to  F,  making  EF  =  EB.        I.  3 
On  AF  (the  difference  of  EF  and  EA)  describe  the 
square  AFGH.  I-  46 

H  is  the  point  required. 

Complete  the  rectangle  FL. 

Because  CA  is  divided  into  two  equal  segments  CE,  EA, 
and  also  externally  into  two  unequal  segments  OF,  FA  ; 

CF-FA  =  EF-  -  EA^,  II.  6 

=  EB'^  -  EA^, 

=  AB-';  I.  47,  Cor. 

that  is,  CF-FG^AB'; 

that  is,  CG  =  AD. 

From  each  of  these  f(|ii;ds  take  AL; 

FH  =  HD; 
that  is,  AH^  =  DB  ■  BH, 

=  AB-BH. 

(2)  Externally: 

On  AB  describe  the  square  ABDC,  I.  46 

Bisect  ^C  at  iJ;  /.  10 

joia  JSiB^  and  produce  AQ  \q  F',  wakiiig  EF'  •  EB,  I  3 
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On  AF'  (the  sum  of  £F'  and  FA)  describe  the  square 
AF'G'H',  I.  46 

H'  is  the  point  required. 
Complete  the  rectangle  F'L'. 

Because  CA  is  divided  into  two  equal  segments  CE,  EA, 
and  also  externally  into  two  unequal  segments  GF',  F'A  ; 

OF'  •  F'A  =  EF'-^  -  EA\  11.  6 

=  EB^   -  EA% 

=  AB^ ;  I.  47,  Cor. 

that  is,  CF'  .F'G'=  AB^; 

tliat  is,  CG'  =  AD. 

To  eacli  of  these  equals  add  AL'  ; 

F'H'  =  H'D; 
that  is,  AH'-  =  DB  •  BH', 

=  AB  •  BH'. 

Cor.  1. — If  a  straight  line  be  divided  internally  in  medial  section, 
and  from  the  greater  segment  a  part  be  cut  off  equal  to  the  less 
segment,  the  greater  segment  will  be  divided  in  medial  section. 

For  in  the  proof  of  the  proijosition  it  has  been  shown  that  CF  ■  FA 
=  AB\  that  is  =  AC-; 
.'.  CF  is  divided  internally  in  medial  section  at  A. 

Now,  from  AB,  which  =  AC,  the  greater  segment  of  CF,  a  part 
AH  has  been  cut  off  =  AF,  the  less  segment  of  CF; 
and  A  B  has  been  shown  to  be  divided  in  medial  section  at  H. 

Let  AB  he  divided  internally  in  medial  section  at  C,  so  that  AQ 
is  the  greater  segment. 

G     F         ]•;               1)                          C 
A 1 1 i —i j  B 

From  ^C  cut  off  AD  =  BC  ;  then  ^C  is  divided  in  medial  section 
at  D,  and  AD  in  the  greater  segment. 

From  AD  cut  off  AE  =  CD  ;  then  AD  is  divided  in  medial  section 
at  E,  and  AE  is  the  greater  segment. 

From  AE  cut  off  AF  =  DE  ;  then  AE  is  divided  in  medial  section 
at  F,  and  AF  is,  the  greater  segment. 

J 
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From  AF exit  o&  AG  —  EF ;  then  AF  is  divided  in  medial  section 
at  G,  and  AG  is  the  greater  segmeflt. 

This  process  may  evidently  be  continued  as  long  as  we  please,  and  it 
will  be  seen  on  comparison  that  it  is  equivalent  to  the  arithmetical 
metliod  of  finding  the  greatest  common  measure.  That  method,  if 
applied  to  two  integers,  always,  however,  comes  to  an  end ;  unity,  in 
default  of  any  other  number,  being  always  a  common  measure  of  any 
two  integers.  In  like  manner  any  two  fractions,  whether  vulgar  or 
decimal,  have  always  some  common  measure,  for  instance,  unity 
divided  by  their  least  common  denominator.  From  these  considera- 
tions, therefore,  it  will  ajipear  that  the  segments  of  a  straight  line 
divided  in  medial  section  cannot  both  be  expressed  exactly  either 
in  integers  or  fractions ;  in  other  words,  these  segments  are  incom- 
mensurable. 

Cor.  2. — If  a  straight  line  be  divided  internally  in  medial  section, 
and  to  the  given  straight  line  a  jiart  be  added  equal  to  the  greater 
segment,  the  whole  straight  line  will  be  divided  in  medial  section. 

For  this  process  is  just  the  reversal  of  that  described  in  Cor.  1, 
as  will  be  evident  from  the  following.     (See  tig.  to  Cor.  1.) 

Let  ^i^  be  divided  in  medial  section  at  G,  so  that  AG  is  the 
greater  segment. 

To  AF  add  FE,  which  =  AG ;  then  AE  is  divided  in  medial 
section  at  F,  and  AF  is  the  greater  segment.  v 

To  AE  add  ED,  which  =  AF ;  then  AD  is  divided  in  medial 
section  at  E,  and  -4^  is  the  greater  segment. 

To  AD  add  DC,  which  =  AE ;  then  AC  is  divided  in  medial 
section  at  D,  and  ^D  is  the  greater  segment. 

To  ^C  add  CB,  which  =  AD ;  then  AB  is  divided  in  medial 
section  at  C,  and  ^  C  is  the  greater  segment. 


ALGEBRAICAL  APPLICATION. 

Let  AB  ■=  a ;  to  find  the  length  oi  AH  ov  AH'. 
Denote  AH  by  x ;  then  BH  =  a  -  x. 
Now,  since  AB  •  BH  =  AH'~ 
.'.  a  (a  -  x)  —  X-,  a  quadratic  equation,  which  being  solved  gives 

a(\/5  -  1)        -  a(\/5  +  1) 
X  =  or  ^ '. 
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The  first  value  of  x,  which  is  less  than  a,  since  — ^ —  is  less  that 

unity,  corresponds  to  AH ;  aud  the  second  value  of  x,  which  is 

numerically  greater  than  <(,  since  ^ —    is  greater  than  unity, 

corresponds  to  AH'.  The  significance  of  the  -  in  the  second  value 
cannot  be  explained  here  ;  it  will  be  enough  to  say  that  it  indicates 
that  AH  and  AH'  are  measured  in  opposite  directions  from  A. 

The  following  approximation  to  the  values  of  the  segments  of  a 
straight  line  divided  internally  in  medial  section,  is  given  in  Leslie's 
Elements  of  Geometry  (4th  edition,  p.  312),  and  attributed  to  Girard, 
a  Flemish  mathematician  (17th  cent.). 

Take  the  series  1,  1,  2,  3,  5,  8,  13,  21,  34,  55,  89,  144,  &c.,  where 
each  term  is  got  by  taking  the  sum  of  the  preceding  two.  If  any 
term  be  considered  as  denoting  the  length  of  the  straight  line,  the 
two  preceding  terms  will  approximately  denote  the  lengths  of  its 
segments  when  it  is  divided  internally  in  medial  section.  Thus,  if 
89  be  the  length  of  the  hne,  its  segments  will  be  nearly  34  and  55  ; 
because  89  x  34  =  3026,  and  55^  =  3025.  If  144  be  the  length  of 
the  line,  its  segments  will  be  nearly  55  and  89 ;  because  144  x  55 
=  7920,  and  89^  =  7921. 

1.  It  is  assumed  in  the  construction  that  a  side  of  the  square 

described  on  AF  will  coincide  with  AB.     Prove  this. 

2.  II  AB  ■  BH  =  AH\  prove  that  AH  is,  greater  than  BH. 

3.  If  CH  be  produced,  it  will  cut  BF  at  right  angles. 

4.  The  point  of  intersection  of  BE  and  CH  is  the  projection  of  A 

on  CH. 

5.  It  is  assumed  in  the  proof  of  the  second  part  that  a  side  of  the 

square  described  on  AF'  will  be  in  the  same  straight  line  with 
AB.     Prove  this. 

6.  If  ^ J5  •  BH  =  A  //'-,  prove  that  AH'  is  greater  than  AB. 

7.  If  CH'  be  i)roduced,  it  will  cut  BF'  at  right  angles. 

8.  The  point  of  intersection  of  BE  and  CH  is  the  projection  of 

A  on  CH-. 

9.  Prove  that  HB  is  divided  externally  in  medial  section  at  A, 

and  H'B  internally  at  A. 

10.  Hence  name  all  the  straight  lines  in  the  figure  that  are  divided 

internally  or  externally  in  medial  section. 
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PROPOSITION  12.     Theorem. 

In  ohtuse-angled  triangles,  the  square  on  the  side  opposite  the 
obtme  angle  is  equal  to<the  sum  of  the  squares  on  the 
other  two  sides  increased  hy  twice  the  rectangle  contained 
by  either  of  those  sides  and  the  projection  on  it  of  the 
other  side. 


Let  ABC  be  an  obtuse-angled  triangle,  having  the  obtuse 
angle  ACB ;  and  let  CD  be  the  projection  of  CA  on  BC: 
it  is  required  to  prove  AB^  =  BC^  +  CA^  +  2  BC ■  CD. 

Because  BD  is  divided  internally  into  any  two  segments 
BC,  CD, 

.-.  BD^  =  BC-^  +  CD-  +  2 BC-  CD.  II.  4 

Adding  DA^  to  both  sides, 

BD^  +  DA^  =  BC-^  +  CD'^  +  DA'^  +  2BC-  CD; 
.:       AB^        =  BC- +         CA^        +2BC-CD.     /.  47 


ALGEBRAICAL  APPLICATIOX. 

Let  the  sides  opposite  the  is  A,  B,  Che  denoted  by  a,  b,  c, 
BO  that  AB  =  c,  BC  =  a,  CA  =  b  ; 

then,  since  AB^  =  BC^  +  CA^  +  2BC-  CD,  II.  12 

c^  =  a^  +  V-  +  2a-CD; 


CD  =    ^ 

2a 

BD  =  BC  +  CD 


a  + 


c2  -  a?  -  62  _  g'  -  y  +  c» 
'2a         ~  2rt 


Hence,  if  the  three  sides  of  an  obtuse-angled  triantjle  are  known, 
we  can  calculate  the  lengths  of  the  segments  into  which  either  side 
about  the  obtuse  angle  is  divided  by  a  perpendicular  from  one  of  the 
acute  angles, 
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If  from  B  there  be  drawn  BE  x  AC  produced,  then  BC  •  CD 
=  AC-CE. 

2.  ABCD  is  a  Ij""  having  i  ABCec\v\dl  to  an  angle  of  an  eqiiilateral 

triangle  ;  prove  BD-  =  BC-  +  CD'^  +  BC  ■  CD. 

3.  If  AB-  —  AC-  +  3  CD-   (figure  to  proposition),  how  will   the 

perpendicular  A  D  divide  BC  ? 

4.  If  ^  -4  CB  become  more  and  more  obtuse,  till  at  length  A  falls 

on  BC  produced,  what  does  the  proposition  become  ? 


PROPOSITION  13.     Theorem. 

In  every  triangle  the  square  on  the  side  opposite  an  acute 
angle  is  equal  to  the  sum  of  the  squares  on  the  other  two 
sides  diminished  hy  twice  the  rectangle  contained  by 
either  of  those  sides  and  the  projection  on  it  of  the  other 
side. 


B       D  C  D       B  C 

Let  ABC  he  any  triangle,  having  the  acute  angle  ACB  ; 
and  let  CD  be  the  projection  of  CA  on  BC : 
it  is  required  to  prove  AB^  =  BC-  +  CA-  -  2BC-  CD. 

Because  BD  is  divided  externally  into  any  two  segments 
BC,  CD, 

BD^  =  BC^  +  CD^  -  2BC-  CD.  II.  7 

Adding  DA-  to  both  sides, 

BD^  +  DA^-  =  BC-^  +  CD^  +  DA^  -  2BC-  CD; 
.-.      AB^         =  BC'- +        CA^         -2BC-CD.     Lil 


ALGEBRAICAL   APPLICATION. 


As  before,  let  AB  =  c,  BC  =  a,  CA  =  b  ; 
then,  since         AB^  =  BC^  +  CA^  -  2BC  ■  CD, 


II.  13 
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CD 


.-.  (fig.  1)  BD  =  BC  -  CD  =  a  - 


.a?  +  h^-  -  2a-CD  ; 

2a 

a^  +  b^  -  ci      a2  -  62  +  c2 


2a  2a 


and  (fig.  2)  BD  =  CD-BC^  "''"^"''  -  «  =  ^'      ^     "' • 

Hence,  from  the  results  of  this  proposition  and  the  preceding,  if  the 
three  sides  of  any  triangle  are  known,  we  can  calculate  the  lengths 
of  the  segments  into  which  any  side  is  divided  by  a  perpendiculal' 
from  the  opposite  angle. 

Hence,  again,  if  the  three  sides  of  any  triangle  are  known,  we  cap 
calculate  the  length  of  the  jjerpendicular  drawn  from  any  angle  of  ^ 
triangle  to  the  opposite  side. 

For  examjjle  (fig.  1),  to  find  the  length  of  AD. 

AD"-  =  AC-^-  CD%  I.  47,  Cor 

„      /a2  +  h-  -  c2V 

=  *■-( 2^~) 

_4a2  62_  (a2  +  62  _  c2)2 

-  4^^  ' 

_  {2db  +  a2  +  62  -  c")  (2ab  -  a^  -  b"^  +  c^) 

~  4a2 

_  {(a2  +  2a6  +  62)  -  c^  {c^  -  (a-  -  2ab  +  62)} 

4a2 
^  {(a  +  ;,)2_c-2}/,2_(a-6)2i 
4a- 

(g  +  6  +  c)  {a  +  6  -  c)  (c  +  a  -  6)  (c  -  a  +  6), 


4a2 


1 


.'.  AD  =  s-  \/(«  +  6  +  c)  (a  +  6  -  c)  (a  -  6  +  c)  (6  H-  c  -  a). 

This  expression  for  the  length  oi  AD  may  be  put  into  a  shorter 
and  more  convenient  form,  thus  : 

Denote  the  semi-perimeter  of  the  A  A  BC  by  s  ; 
then  a  +  6  +  c  =  the  perimeter      =  2s  ; 

.*.  a  +  6  -  c  =  a  +  6  +  c  -  2c  =  2s  -  2c  =  2  («  —  c), 

a-64-c  =  a  +  6  +  c-26  =  2s-26  =  2(«-6), 

and    6  +  c  —  a=a  +  6  +  c-2a  =  2s-2a  =  2(«-a). 
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Hence  AD  =  ^  \'2s  •  2  (s  -  c)  •  2  (5  -  6)  •  2  («  -  a), 

=  —  Vs  (s  -  a)  (s  —  b)  (s  —  c). 


Simil-arly,  the  perpendicular  from  B  on  CA  =-r\  s  (s  —  a)  {s  -  b)  (s  -  c) 


and  M  11  ConAB  =  —  \s{s- a)(s -b)(s-c). 

c 

Hence,  lastly,  if  the  three  sides  of  a  triangle  are  known,  we  can 
calculate  the  area  of  the  triangle. 
For  the  area  of  A  ABC  ^  I  BC  •  AD,  I.  41,  35 

=  Y  •  —  \  s  (s  -  a)  (s      b)  (s  -  c), 

=  V « (s  -  «)  (s  -  b)  {s  -  c); 
which  expression  maj'  be  put  into  the  form  of  a  rule,  thus  : 

From  half  the  sum  of  the  three  sides,  subtract  each  side  separ- 
ately ;  multiply  the  half  sum  and  the  three  remainders  together,  and 
the  square  root  of  the  product  will  be  the  area.* 

1.  If  from  B  there  be  drawn  BE  X.  AC  or  AG  produced,  then 

BC  -CD^  AC-CE. 

2.  A  BCD  is  a  il™  having  /.  ^5C  double  of  an  angle  of  an  equUateral 

triangle  ;  prove  BD^  =  BC^  +  CD^  -  BG  ■  CD. 

3.  If  AB-  =^  AC-  +  3CD^   (fig.  1   to  proposition),  how  will  the 

perpendicular  A  D  divide  BC  ? 

4.  If  z  ACB  become  more  and  more  acute  till  at  length  A  falls  on 

CB  or  CB  produced,  what  does  the  proposition  become  ? 

5.  If  the  square  on  one  side  of  a  triangle  be  greater  than  the  sum 

of  the  squares  on  the  other  two  sides,  the  angle  contained  by 
these  two  sides  is  obtuse.     (Converse  of  II.  12.) 

6.  If  the  square  on  one  side  of  a  triangle  be  less  than  the  sum  of 

the  squares  on  the  other  two  sides,  the  angle  contained  by 
these  two  sides  is  acute.     (Converse  of  II.  13.) 

7.  The  square  on  the  base  of  an  isosceles  triangle  is  equal  to  twice 

the  rectangle  contained  by  either  of  the  equal  sides  and  the 
projection  on  it  of  the  base. 

*  The  discovery  of  this  expression  for  the  area  of  a  triangle  is  due  to 
Heron  of  Alexandria.  See  Hultsch's  Heronis  Alexandrini  .  .  .  reliquice 
(Berlm,  1864),  pp.  235-237. 
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PROPOSITION  14.     Problem. 

To  describe  a  square  that  shall  be  equal  to  a  given  redilinea] 
figure. 


Let  A  be  the  given  rectilineal  figure : 
it  is  required  to  describe  a  square  =  A. 

Describe  the  rectangle  BCDE  =  A.  I.  45 

Then,  if  BE  =  ED,  the  rectangle  is  a  square,  and  what 
was  required  is  done. 

But  if  not,  produce  BE  to  F,  making  EF  =  ED.  I.  3 

YAsQct  BFm  G ;  /.  10 

with  centre  G  and  radius  GF  describe  tlie  semicircle  BHF ; 
and  produce  DE  to  H.  EW-  =  A. 

Join  GH. 

Because  BF  is  divided  into  two  equal  segments  BG, 
GF,  and  also  internally  into  two  unequal  segments  BE, 
EF; 

BE'EF  =  GF^  -  GE\  II.  T\ 

=  Gm  -  GE^, 

=  EH\  I.  47,  Co'^ 

BD  =  Em ; 
A  =  EH\ 

1.  From  any  point  in  the  arc  of  a  semicircle,  a  perpendicular  ;s 
drawn  to  the  diameter.  Prove  that  the  square  on  this  per- 
pendicular =  the  rectangle  contained  by  the  degments  into 
which  it  divides  the  diameter. 
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2.  Divide  a  given  straight  line  internally  into  two  segments,  such 

that  the  rectangle  contained  by  them  may  be  equal  to  the 
square  on  another  given  straight  line.  What  limits  are  there 
to  the  length  of  the  second  straight  line  ? 

3.  Divide  a  given  straight  line  externally  into  two  segments,  such 

that  the  rectangle  contained  by  them  may  be  equal  to  the 
square  on  another  given  straight  line.  Are  there  any  limits 
to  the  length  of  the  second  straight  line  ? 

4.  Describe  a  rectangle  equal  to  a  given  square,  and  having  one  of 

its  sides  equal  to  a  given  straight  line. 


APPENDIX    II. 


Proposition  1. 

The  sum  of  the  squares  on  two  sides  of  a  triangle  is  double  the  sum 
of  the  squares  on  half  the  base  and  on  the  median  to  the  base* 


B  DEC 

Let  ABC  be  a  triangle,  AD  the  median  to  the  base  BG 
it  is  required  to  prove  AB~  +  AC^^^  ED'  +  2ADi 

Draw  AE  X  EC. 

Then  AEr-  =  ED''  +  AD""  +  2  ED  •  DE, 

and  AC"-  =  CD^  +  AD"^  -  2  CD  •  DE. 

But  ED-  =  CD^,  and  ED  ■  DE  =  CD  •  DE,  since  ED  =  CD  ; 
.-.  A&  +  AC-^  =  2  ED^  +  2  ADK 


I.  12 
//.  12 
//.  13 


Cor.— The  theorem  is  true,  however  near  the  vertex  A  may  b«  to 
tHe  base  EC.  When  A  falls  on  EC,  the  theorem  becomes  IL  b, 
when  A  falls  on  BC  produced,  the  theorem  becomes  II.  10. 

*Pappus,  Vn.  322. 
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NoTB. — It  may  be  well  to  remark  that  the  converse  of  the 
theorem,  'If  ABC  be  a  triangle,  and  from  the  vertex  A  a  straight 
line  AD  he  drawn  to  the  base  BC,  so  that  AB'^  +  AC'  =  2  BD~ 
+  2  AD",  then  D  is  the  middle  point  of  BC,^  is  not  always  true. 

A 
A 


B  DC  C  B      D'     C    D 

For,  let  ABC,  ABC  be  two  triangles  having  AC  =  AC. 

Find  D,  the  middle  point  of  BC.     D  must  faU  either  between  B 
and  C,  between  C  and  C",  or  on  C. 

In  the  first  case,  join  AD. 

Then  AB^  +  AC"-  =  2  BD"-  +  2  AD'^ ;  App.  II.  1 

ABT- ^  AC"^=^2BD"- ->r2AD'^; 
and  we  know  that  D  is  not  the  middle  point  of  BC. 

la  the  second  case,  find  D'  the  middle  point  of  BC,  and  join  ^Z)'. 

ihen  ABT-  +  AC"-  =  2  BD"'  +  2  ADf"- ;  ^^^iJ-  -^Z-  1 

AB:^  ^  AO^    =2BD'-^  +  2AD"-; 
and  we  know  that  U  is  not  the  middle  point  of  BG. 

The  third  case  needs  no  discussion. 


Proposition  2. 


The  difference  of  the  squares  on  two  sides  of  a  triangle  is  double  the 
rectangle  contained  by  the  base  and  the  distance  of  its  middle  point 
from  the  perpendicular  on  it  from  the  vertex.* 

A 


B  DEC  B  D  CE 

Let  A  BC  be  a  triangle,  D  the  middle  point  of  the  base  BC,  and 
AE  the  perpendicular  from  A  on  BC: 
it  is  required  to  prove  AE-  -  AC^  =  2  BC  •  DK 

*  Pappus,  VII.  120, 
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For         ^52  -  AC^  =  (BE-^  +  AE^)  -  {EG^  +  AE\ 
=  BE"^  -  EC\ 

=  (BE  +  EC)  (BE  -  EC),      11.  5,  6,  Corn 
^  BC-2DE    in  fig.  1  ; 
or  =  2 BE- BC    in  fig.  2, 
==2BC-  DE. 


Proposition  3. 


If  the  straight  line  AD  be  divided  internally  at  any  two  points  C  and 
B,  then  AC •  BD  +  AD  ■  BC  =  AB  •  CD* 

A  C  B 


D 


For  AC -BD  +  AD-BC=AC 
=  AC 
=  BD 
=  BD 
=  AB 
^AB 


BD  +  {BD  +  AB)  .  BC, 

BD  +  BD  ■  BC  +  AB  •  BC,  II.  1 

(AC  +  BC)        +  AB    BC,  IL  1 

AB  +  AB.  BC, 

(BD  +  BC),  II.  1 

CD. 


LOCI. 

Pkqposition  4. 

find  the  locus  of  the  vertices  of  all  the  triangles  which  have  the  same 
iase  and  the  sum  of  the  squares  of  their  sides  equal  to  a  given 
square. 

M 


B  D  C 

Let  BC  be  the  given  base,  M-  the  given  square. 

Suppose  A  to  be  a  point  situated  on  the  required  locus. 
Join  ^5,  AC ; 
bisect  BC  in  D,  and  join  AD. 

*  Euler,  Novi  Comm.  Petrop.,  vol  L  p.  49. 
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Then,  since  .4  is  a  point  on  the  locus,  AB-  +  AC^  =  M"^.  Ifyp- 
But  Am  +  AC'^  =  2  BD'^  +  2  AD"^ ;  App.  II.  1 

.-.  2£Z)2  +  2  Ji>2.=  ilf2; 

.-.  ^Z>2  =  |Jf2  -  BD\ 

Now  ^  M-  is  a  constant  magnitude,  and  so  is  BD"^,  being  the  square 
on  half  the  given  base  ; 

.•.  \  M"^  -  BD-  must  be  constant ; 

.•.  AD"^  must  be  constant. 

And  since  AD-  is  constant,  AD  must  be  equal  to  a  fixed  length ; 
that  is,  the  vertex  of  any  triangle  fulfilling  the  given  conditions  is 
always  at  a  constant  distance  from  a  fixed  point  D,  the  middle  of 
the  given  base.     Hence,  the  locus  required  is  the  O"  of  a  circle 
whose  centre  is  the  middle  point  of  the  base. 

To  determine  the  locus  completely,  it  would  be  necessary  to  find 
the  length  of  the  radius  of  the  circle.  This  may  be  left  to  the 
reader. 

Proposition  5. 

Find  the  loais  of  the  vertices  of  all  the  triangles  which  have  the  same 
base,  and  the  difference  of  the  squares  of  their  sides  equal  to  a 
given  square. 


M 


B  D      E 


C 


Let  BC  be  the  given  base,  M^  the  given  square. 

Suppose  ^  to  be  a  point  situated  on  the  required  locus. 

Join  AB,  AC; 
bisect  BC  in  D,  and  draw  AE  ±  BC  or  BC  produced.  /.  10,  12 

Then,  since  .4  is  a  point  on  the  locus  AB^  -  AC^  —  M^.       Hyp. 
But  AB-^  -  AC^  =  2BG  ■  DE ;  App.  II.  2 

.-.  2BC  •  DE=^M^ 

Now  M^  is  a  constant  magnitude,  and  so  is  2  BC ; 
.'.  DE  must  be  constant ; 

.-.a  perpendicular  drawn  to  BC  from  the  vertex  of  any  triangle 
fulfilling  the  given  cqpditions  will  cut  BC  at  a  fixed  point. 
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li  AC^  -  AB^  =  M-,  the  perpendicular  from  A  on  5C  will  cut 
BC  at  a  point  E'  on  the  other  side  of  D,  such  that  DE'  =  DE. 

Hence,  the  locus  consists  of  two  straight  lines  drawn  perpendicular 
to  the  base  and  equally  distant  from  the  middle  point  of  the  base. 

DEDUCTIONS. 

1.  K  from  the  vertex   of  an  isosceles  triangle  a  straight  line  be 

drawn  to  cut  the  base  either  internally  or  externally,  the 
difference  between  the  squares  on  this  line  and  either  side 
is  equal  to  the  rectangle  contained  by  the  segments  of  the 
base.     (Pappus,  III.  5.) 

2.  The  sum  of  the  squares  on  the  diagcmals  of  a  |1™  is  equal  to  the 

sum  of  the  squares  on  the  four  sides. 

3.  The  sum  of  the  squares  on  the  diagonals  of  any  quadrilateral  is 

equal  to  twice  the  sum  of  the  squares  on  the  straight  lines 
joining  the  middle  points  of  opposite  sides. 

4.  The  sum  of  the  squares  on  the  four  sides  of  any  quadrilateral 

exceeds  the  sum  of  the  squares  on  the  two  diagonals  by  four 
times  the  square  on  the  straight  line  which  joins  the  middle 
points  of  the  diagonals.     (Euler,  Xovi  Comm.  Petrop.,  i.  p.  (Hi) 

5.  The  centre  of  a  fixed  circle  is  the  middle  point  of  the  base  of  a 

triangle.  If  the  vertex  of  the  triangle  be  on  the  O'^,  the 
sum  of  the  squares  on  the  two  sides  of  the  triangle  is  con- 
stant. 

6.  The  centre  of  a  fixed  circle  is  the  point  of  intersection  of  the 

diagonals  of  a  |i™ .  Prove  that  the  sum  of  tlie  squares  on  the 
straight  lines  dra'vvn  from  any  point  on  the  O**  to  the  four 
vertices  of  the  H™  is  constant. 

7.  Two  circles  are  concentric.     Prove  that  the  sum  of  the  squares 

of  the  distances  from  any  point  on  the  C®  of  one  of  the 
circles  to  the  ends  of  a  diameter  of  the  other  is  constant. 

8.  The  middle  point  of  the  hypotenuse  of  a  right-angled  triangle  is 

equidistant  from  the  three  vertices. 

9.  Three  times  the  sum  of  the  squares  on  the  sides  of  a  triangle 

is  equal  to  four  times  the  sum  of  the  squares  on  the  three 
medians,  or  equal  to  nine  times  the  sum  of  the  squares 
on  the  straight  lines  which  join  the  centroid  to  the  three 
vertices. 
lO.  If  A  BCD  be  a  quadrilateral,  and  P,  Q,  R,  S  be  the  middle 
points  of  AB,  BC,  CD,  DA  respectively,  then  2  PR^  +  AB* 
.       i- CD^  =  2  qS'- +  BC"  +  DA\ 
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11.  Thrice  the  sum  of  the  squares  on  the  sides  of  any  pentagon  = 

the  sum  of  the  squares  on  the  diagonals  together  with  four 
times  the  sum  of  the  squares  on  the  five  straight  lines  joining, 
■n  order,  the  middle  points  of  those  diagonals. 

12.  If  A,  B  be  fixed  points,  and  0  any  other  point,  the  ?um  of  the 

squares  on  OA  and  OB  is  least  when  0  is  the  middle  point 
^iAB. 

13.  Prove  II.  9,  10  by  the  following  construction  :  On  AD  describe 

a  rectangle  AEFD  whose  sides  AE,  JJF  are  each  =  AG  or 
CB.  According  as  D  is  in  AB,  or  in  AB  produced,  from 
DF,  or  Z)/^  produced,  cut  off  FG  -  DB ;  and  join  EC,  CG, 
GE.  Show  how  these  figures  may  be  derived  from  those  in 
the  text. 

14.  If  from  the  vertex  of  the  right  angle  of  a  right-angled  triangle  a 

perpendicular  be  drawn  to  the  hypotenuse,  then  (1)  the  square 
on  this  perpendicular  is  equal  to  the  rectangle  contained  'jy 
the  segments  of  the  hypotenuse  ;  (2)  the  square  on  either  sidt- 
is  equal  to  the  rectangle  contained  by  the  hypotenuse  and  the 
segment  of  it  adjacent  to  that  side. 

15.  The   sum   of  the    squares   on   two   unequal    straight   lines   is 

greater  than  twice  the  rectangle  contained  by  the  straight 
lines. 

16.  The  sum  of  the  squares  on  three  unequal  straight  lines  is  greater 

than  the  sum  of  the  rectangles  contained  by  every  two  of  the 
straight  lines. 
17-  The  square  on  the  sum  of  three  unequal  straight  lines  is  greater 
than  three   times  the  sum  of  the  rectangles   contained  by 
every  two  of  the  straight  lines. 

18.  The  sum  of  the   squares  on  the  sides  of  a  triangle  is  less  than 

twice  the  sum  of  the  rectangles  contained  by  every  two  of 
the  sides. 

19.  If  one  side  of  a  triangle  be  greater  than  another,  the  median 

drawn  to  it  is  less  than  the  median  drawn  to  the  other. 

20.  If  a  straight  line  AB  be  bisected  in  C,  and  divided  internally 

at  D  and  E,  D  being  nearer  the  middle  than  E,  then 
AD  ■  DB  =  AE  ■  EB  +  CD  .  DE  +  CE  ■  ED. 

21.  ABC  is  an  isosceles  triangle  having  each  of  the  angles  B  and 

C  =  2A.     BD  is  drawn  ±  AC;  prove  AD-  +  DC"  =  2  BD" 

22.  Divide  a  given  straight  line  internally  so  that  the  squares  on 

the  whole  and  on  one  of  the  segments  may  be  double  of  the 
square  on  the  other  segment. 
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23.  Given  that  AB  is  divided  internally  at  H,  and  externally  at  B', 

in  medial  section,  prove  the  following  : 

(1)  AH  'BH  =  {AH  +  BH)  •  {AH  -  BH); 
AH'  ■  BH'  =  {BH  +  AH')  ■  {BH  -  AH). 

(2)  AH  .  {AH  -  BH)  =  BH'- ;  AH  ■  {AH  +  BH)  =  BIT*. 

(3)  ABT-  +  BH-  .^  3  AH^  5  A3^  h  BH''  =  3  AH\ 

(4)  {AB  +  BH)''  =  5  AH-' ;  {AB  +  BH)-^  =  5  AH"'. 

(5)  {AH  -  BHT-  =  ^  BH"-  -  AH^;  {BH -AHr'=3  AH'- -  BH\ 
(15)  {AH+BH)"-  =  SAH^  -BH';  {AH  +  BH)"-  =  3  BH'' -  AH"', 

(7)  {AB  +  AH)-  =  8AH'-3BH'-;  {AH ~AB)''  =  8AH''-3BH'^ 

(8)  ^52 +  ^if2  =4^7/2  _£/f2.  ^^i  +  AH'  =  4AH'--BH\ 

24.  In  any  triangle  .45(7,  if  BP,  CQ  be  drawn  ±  CA,  BA,  produced 

if  necessary,  then  shaU  BC'  =  AB  ■  BQ  +  AC  ■  CP. 

25.  If  from  the  hypotenuse  of  a  right-angled  triangle  segments  be 

cut  off  equal  to  the  adjacent  sides,  the  square  of  the  middle 
segment  thus  formed  =  twice  tie  rectangle  contained  by  the 
extreme  segments.  Show  how  this  theorem  may  be  used  tc 
find  numbers  expressing  the  sides  of  a  right-angled  triangle. 
(Leslie's  Elements  of  Geometry,  1820,  p.  315.) 

Loci. 

1.  Given  a  A  ABC ;  find  the  locus  of  the  points  the  sum  of  the 

squares  of  whose  distances  from  B  and  C,  the  ends  of  the 
base,  is  equal  to  the  sum  of  the  squares  of  the  sides  AB,  AC. 

2.  Given  a  A  ABC ;   find  the  locus  of  the  points  the  difference 

of  the  squares  of  whose  distances  from  B  and  C,  the  ends 

of  the  base,  is  equal  to  the  difference  of  the  squares  of  the 

sides  AB,  AC. 
S.  Cf  the  A  ABC,  the  base  BC  is  given,  and  the  sum  of  the  sides 

AB,  AC ;  find  the  locus  of  the  point  where  the  perpendicular 

from  C  to  ^C  meets  the  bisector  of  the  exterior  vertical 

angle  at  A. 
*.  Oi  the  A  ABC,  the  base  BC  is  given,  and  the  difference  of  the 

sides  AB,  AC;  find  the  locus  of  the  point  where  the  per- 

pendicxdar  from  C  to  .4 C  meets  the  bisector  of  the  interior 

vertical  angle  at  A. 
5.  A  variable  chord  of  a  given  circle  subtends  a  right  angle  at  a 

fixed  point ;  find  the  locus  of  the  middle  point  of  the  chord. 

Examine  the  cases  when  the  fixed  point  is  inside  the  circle, 

outside  the  circle,  and  on  the  0*=' 
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DEFINITIONS. 

i.  A  circle  is  a  plane  figure  contained  by  one  Imo 
which  is  called  the  circumference,  and  is  such  that  all 
straight  lines  drawn  from  a  certain  point  within  the  figure 
to  the  circumference  are  equal.  This  point  is  called  the 
centre  of  the  circle,  and  the  straight  lines  drawn  from  the 
centre  to  the  circmnfLreo"^  are  called  radii. 

Cor.  1. — If  a  point  be  situated  inside  a  circle,  its  distance 
from  the  centre  is  less  than  a  radius ;  and  if  it  be  situated 
outside,  its  distance  from  the  centre  is  greater  than  a  radius 


Fig.  1. 


Fig.  2. 


Tims,  in  fig.  1, 
OP,  the  distance 
of  the  point  P 
from  the  centre 
O,  is  less  than 
the  radius  OA ; 
in  fig.  2,  OP  is 
greater  than  the 
radius  OA. 

Cor.  2. — Conversely,  if  the  distance  of  a  point  from  the 
centre  of  a  circle  be  less  than  a  radius,  the  point  must  bo 
situated  inside  the  circle ;  if  its  distance  from  the  centre  be 
greater  than  a  radius,  it  must  be  situated  outside  the  circle. 

Cor.  3. — If  the  radii  of  two  circles  be  equal,  the  circum- 
ferences are  equal,  and  so  are  the  circles  themselves. 

This  may  be  rendered  evident  by  ap])lyino;  the  one  circle  to  th; 
other,  so  that  their  centres  shall  coincide.  Since  the  radii  of  the  one 
oircle  are  equal  to  those  of  the  other,  every  point  in  the  circuia- 
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ference    of    the    one    circle    will    coincide    with  a  point   in 

circumference    of    the     t> -^  g 

other ;  therefure,  the 
two  circumferences 
coincide  and  are  equal. 
Consequently-  also  the 
two  circles  coincide 
and  are  equal. 

Cor.  4. — Conversely,  if  two  circles  be  equal,  their  radii 
are  equal,  and  also  their  circumferences. 

This  may  be  proved  indirectly,  by  supposing  the  radii  unequal. 

Cor.  5. — A  circle  is  given  in  magnitude  when  the  length 
of  its  radius  is  given,  and  a  circle  is  given  in  position  and 
magnitude  when  the  position  of  its  centre  and  the  length  of 
its  radius  are  given.     (Euclid's  Data,  Definitions  5  and  6.) 

Cor.  6. — The  two  parts  into  which  a  diameter  divides  a 
circle  are  equal. 
This  may  be  proved,  like  Cor.  3,  bj^  superposition. 
The  two  parts  are  therefore  called  semicircles. 

Cor.  7. — The  two  parts  into  which  a  straight  line  not  a 
Jiameter  divides  a  circle  are  unequal. 

Thus  if  *45  is  not  a  diameter  of  the  circle 
ABC,  the  two  parts  ACB  and  ADB  into 
which  AB  divides  the  circle  are  unequal. 

For  if  a  diameter  AE  be  drawn,  the  part 
ACB  is,  less  than  the  semicircle  ABE,  and  the 
part  ADB  is  greater  than  the  semicircle  ADE. 

2.  Concentric  circles   are  those  which 
centre.  B 

3,  A  straight  line  is  said  to  touch  a 
circle,  or  to  be  a  tangent  to  it,  when  it 
meets  the  circle,  but  being  produced 
does  not  cut  it. 

Thus  BC  is  a  tangent  to  the  circle  ADE. 
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4.  A  straight  line  drawn  from  a  point  outside  a  circle, 
and  cutting  the  circumference,  is  called  a  secant. 

Thus  ECA  and  EBD  are  secants  of 
the  circle  ABC. 

If  the  secant  EC  j.  were,  like  one  of 
the  hands  of  a  wa  ,h,  to  revolve  round 
^  as  a  pivot,  ^e  points  A  and  C 
would  approac'  one  another,  and  at  D^ 
length  coinci''  .  When  the  points  A 
and  C  coincided,  the  secant  would 
have  become  a  tangent.  Hence  a  tangent  to  a  circle  may  be 
defined  to  be  a  secant  in  its  limiting  position,  or  a  secant  which 
meets  the  circle  in  two  coincident  points. 

This  way  of  regarding  a  tangent  straight  line  may  be  applied  also 
to  a  tangent  circle. 

5.  Circles  which  meet  but  do  not  cut  one  another,  are 
said  to  touch  one  another. 


Thus  the  circles  ABC,  ADE,  which  meet  but  do  not  intersect,  are 
said  to  touch  each  other.  In  fig.  1,  the  circles  are  said  to 
touch  one  another  internaJhj,  although  in  strictness  only  one  of 
them  touches  the  other  internally ;  in  fig.  2,  they  are  said  to 
toucli  one  another  externally. 

6.  The  points  at  which  circles  touch  each  other,  or  at 
which  straight  lines  touch  circles,  are  called  points  of 
contact. 

Thoa  in  the  fig'<re«  to  definitions  3  and  5,  the  points  A  are  points 
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^  A  chord  of  a  circle  is  the  straight  line  joining  any 
two  points  on  the  circumference. 
Thus  AB  is  a  chord  of  the  circle  ABC. 

8.  An  arc  of  a  circle  is  any  part 
of  the  circumference. 

Thus  ACB  is  an  arc  of  the  circle  ABC ; 
so  is  ADB. 

■Q.  A  chord  of  a  circle  which  does  not  pass  through  the 
centre  divides  the  circumference  into  two  unequal  arcs. 
These  arcs  are  called  the  major  and  the  minor  arcs,  and 
they  are  said  to  be  conjugate  to  each  other. 

Thus  the  chord  AB  divides  tlie  circumference  of  the  circle  ABC 
iutotlie  conjugate  arcs  ADB,  ACB,  of  which  ADB  is  a  major  arc, 
and  A  CB  a  minor  arc. 

"W.  Chords  of  a  circle  are  said  to  be  equidistant  from  the 
centre  when  the  perpendiculars  drawn  to  them  from  the 
centre  are  equal ;  and  one  chord  is  iarther  from  the  centre 
than  another,  when  the  perpendicular  on  it  from  the  centre 
is  greater  than  the  perpendicular  on  the 
other. 

Thus  in  the  circle  ABC,  whose  centre  is  O, 
if  the  perijendiculars  OG,  OH  on  the  chords 
AB,  CD  are  equal,  AB  and  CD  are  said  to  be 
equidistant  from  0 ;  if  the  perpendicular  OL 
on  the  chord  EF  is  greater  than  OG  or  OH, 
the  chord  EF  is  said  to  be  farther  from  the 
centre  than  AB  or  CD. 

11.  A  segment  of  a  circle  is  the  figure  contained  by  a 
chord,  and  either  of  the  arcs  into  which  the  chord  divides 
the  circumference.  The  segments  are  called  major  or  minor 
segments,  according  as  their  arcs  are  major  or  mmor  arcs. 

Thus  (see  figure  to  definition  7)  the  figure  contained  by  the 
minor  arc  ACB  and  the  chord  AB\&  di.  minor  segment ;  the  figure 
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contained  by  the  major  arc  ALB  and  the  chord  AB  is  a  major 
segment. 

It  is  worthy  of  observation  that  a  segment,  like  a  circle,  is 
generally  named  by  three  letters  ;  but  the  letters  may  not  be 
arranged  anyhow.  The  letters  at  the  ends  of  the  chord  must  be 
placed  either  first  or  last. 

12.  An   angle  in  a  segment  of  a   circle   is   the   angle 
contained  by  two  straight  lines  drawn 
from   any  point    in    the    arc    of    the 
segment  to  the  ends  of  the  chord. 

Thus  ACB  and  ADB  are  angles  in  the 
segment  ACB. 

13.  Similar  segments  of  circles  are  those  which  contain 
equal  angles. 

Thus  if  the  angles 
C  and  F  are  equal, 
the  segment  ACB   is 

said  to  be  similar  to  \\y^ ^jj      X)^'^ ^E 

the  segment  DFE. 

14.  A  sector  of  a  circle  is  the  figure  contained  by  an 
arc  and  the  two  radii  drawn  to  the  ends  of  the  arc. 

Thus  if  0  be  the  centre  of  the  circle  ABD, 
the  figure  OACB  is  a  sector  ;  so  is  OADB. 

It  is  obvious  that,  when  the  radii  are  in  the 
same  straight  line,  the  sector  becomes  a  semi- 
circle. 

15.  The  angle  of  a  sector  is  the  angle 
contained  by  the  two  radii. 

Thus  the  angle  of  the  sector  OACB  is  the  angle  AOB. 

16.  Two  radii  of  a  circle  not  in  the  same  straight  line 
divide  the  circle  into  two  sectors,  one  of  which  is  greater 
and  the  other  less  than  a  semicircle ;  the  former  may  be 
called  a  major,  and  the  latter  a  minor  sector. 

TbuB  OADB  is  a  major  sector,  and  OACB  is  a  minor  sector. 
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17.  Sectors  have  received  particular  names  according  to 
the  size  of  the  angle  contained  by  the  radii.  When  the 
contained  angle  is  a  right  angle,  the  sector  is  called  a 
quadrant ;  when  the  contained  angle  is  equal  to  one  of  the 
angles  of  an  equilateral  triangle,  the  sector 
is  called  a  sextant.  ^-^^c 

Thus  if  AOB  is  a  right  angle,  or  one-fourth 
of  four  right  angles,  the  sector  OAB  is  a 
quadrant;  if  AOC  is  two-thinls  of  one  right 
angle  (see  p.  71,  deduction  9),  or  one-sixth 
of  four  right  angles,  the  sector  OAC  is  a 
sextant. 

18.  An  angle  is  said  to  be  at  the  centre,  or  at  the 
circumference  of  a  circle,  when  its  vertex  is  at  the  centre, 
or  on  the  circumference  of  the  circle. 

Thus  BEG  is  an  angle  at  the  centre,  and 
BA  C  an  angle  at  the  circumference  of  the 
circle  ABC. 

19.  An  angle  either  at  the  centre  or  at 
the  circumference  of  a  circle  is  said  to 
stand  on  the  arc  intercepted  between  the 
arms  of  the  angle. 

Thus  the  angle  BEC  at  the  centre  and  the  angle  BAC  at  the 
circumference  both  stand  on  the  same  are  BBC. 

In  respect  to  the  angle  BEC  at  tbe  centre  of  the  circle  ABC,  it 
may  readily  occur  to  the  reader  to  inquire  whethe.r  the  minor  arc 
BDC  is  the  only  arc  intercepted  by  EB  and  EC,  the  arms  of  the  angle. 
Obviously  enough  EB  and  EC  intercept  al  o  the  major  arc  BAC. 
What,  then,  is  the  angle  which  stands  on  the  major  arc  BAC ?  This 
inquiry  leads  us  naturally  to  reconsider  our  definition  of  an  angle. 

20.  An  angle  may  be  regarded  as  generated  (or  described) 
by  a  straight  line  which  revolves  round  one  of  its  end 
points,  the  size  of  the  angle  depending  on  the  amount  of 
revolution. 
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Thus  if  the  straight  line  OB  occupy  at  lirst  the  position  OA,  and 
then  revolve  round  0  in  a  manner  ojiposite  to  that  of  the  hands  of 
a  watch,  till  it  comes  into  the  position  OB, 
it  will  have  trenerated  or  described  the  angle 
AOB.     If  OB  continue  its  revolution  round 

0  till  it  occupies  the  position  OD,  it  will 
have  generated  the  angle  AOD ;  if  OB 
still  continue  its  revolution  round  0  till  it 
occupies  successively  the  positions  OF,  OH, 
it  will  have  generated  the  angles  AOF, 
A  OH.  The  angles  AOB,  AOD,  AOF, 
A  OH,  being  successively  generated  by  the 
revolution  of  OB,  are  therefore  arranged  in  order  of  magnitude, 
AOD  being  greater  than  AOB,  AOF  greater  than  AOD,  and  AOH 
greater  than  A  OF. 

It  is  plain  enough  that  OB,  after  feaching  the  position  OH,  maj' 
continue  its  revolution  till  it  occujues  the  position  it  started  from, 
when  it  will  coincide  again  with  OA.  OB  M'iU  then  have  described 
a  complete  revolution.  If  the  revolution  be  supposed  to  continue, 
the  angle  generated  by  OB  will  grow  greater  and  greater  (since  its 
size  depends  on  the  amount  of  revolution),  but  OB  itself  will  return 
to  the  positions  it  occupied  before  ;  and  therefore  in  its  second 
revolution  OS  will  not  indicate  any  new  direction  relatively  to  OA, 
which  it  did  not  indicate  in  its  first.  Hence  there  is  no  need  at 
present  to  consider  angles  greater  than  those  generated  by  a  straight 
line  in  one  complete  revolution. 

21.  In  the  course  of  the   revokition  of    OB  from   the 

1  osition  of  OA  round  to  OA  again,  OB  will  at  some  time  or 
other  occupy  the  position  OE,  which  is  in  a  straight  line 
with  OA  ;  the  angle  AOE  thus  generated  is  called  a  straight 
(or  sometimes  a  flat)  angle. 

When  OB  occupies  the  position  OC  midway  between  tliat 
of  OA  and  OE  (that  is,  when  the  angles  AOC  and  COE  are 
equal),  the^  angle  AOC  thus  generated  is  called  a  right 
angle.     Hence  a  straight  angle  is  equal  to  two  right  angles. 

When  OB  occupies  the  position  OG  which  is  in  a  straight 
line  with  00,  the  angle  AOG  thus  generated  is  an  angle  of 
three  right  angles ;  when  OB  again  coincides  with  OA,  it  has 


Book  m.]  DEFINITIONS.  161 

generated  an  angle  of  four  right  angles.  Hence  angle  A  Oh 
is  less  than  a  right  angle;  angle  AOD  is  greater  than  one 
right  angle,  and  ?c^.»s  than  two;  angle  ^Oi^  is  greater  than 
two  and  less  than  three  right  angles;  angle  AOH  is  grreater 
than  three  and  less  than  four  right  angles. 

22.  It  has  been  explained  how  OB,  starting  from  the 
position  OA,  and  revolving  in  a  man- 
ner opposite  to  that  of  the  hands  of  a 
watch,  generates  the  angle  AOB,  less 
than  a  right  angle  when  it  reaches  the 
position  OB.  But  we  may  suppose 
that  OB,  starting  from  OA,  reaches  the  position  OB  by 
revolving  round  0  in  the  same  manner  as  the  hands  of  a 
watch  ;  it  will  then  have  generated  another  angle  AOB, 
greater  than  three  right  angles.  Thus  it  appears  that  two 
straight  lines  drawn  from  a  point  contain  two  angles  having 
common  arms  and  a  common  vertex.  Such  angles  are  said  to 
be  conjugate,  the  greater  being  called  the  major  conjugate, 
and  the  less  the  jninor  conjugate  angle.  When,  however, 
the  angle  contained  by  two  straight  lines  is  spoken  of,  the 
minor  conjugate  angle  is  understood  to  be  meant. 

23.  It  will  be  apparent  from  the  preceding  that  the  sum 
of  two  conjugate  angles  is  equal  to  four  right  angles ;  and 
that  when  two  conjugate  angles  are  imequal,  the  minor 
conjugate  must  be  less  than  two  right  angles,  and  the  major 
conjugate  greater  than  two  right  angles.  When  two  con- 
jugate angles  are  equal,  each  of  them  must  be  a  straight 
angle. 

Major  conjugate  angles  are  often  called  reflex  angles,  and 
to  prevent  obtuse  angles  from  being  confounded  with  reflex 
angles,  obtuse  angles  may  now  be  defined  to  be  angles  greater 
than  one  right  angle,  and  less  than  two  right  angles. 
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PROPOSITION  1.     Problem. 
To  find  the  centre  of  a  given  circle. 

C 


Let  ABC  be  the  given  circle  : 
it  is  required  to  find  its  centre. 

Draw  any  chord  AB,  and  bisect  it  at  D;  I.  10 

from  D  draw  DC  _L  AB,  I.  11 

and  let  DC,  produced  if  necessary,  meet  the  Q)""  at  C  and  E. 
Bisect  CE  at  F.  /.  10 

F  is  the  centre  of  0  ABC. 
For  if  F  be  not  the  centre,  let  G  be  the  centre  ; 
and  join  GA,  GD,  GB. 

iAD  =  BD  Cmist. 

In  As  ADG,  BDG,  ^  DG  =  DG 

I  GA  =  GB;  III.  Def.  1 

.-.    L  ADG  -  L  BDG;  7.8 

.-.    L  ^Z>(?  is  right.  /.  Def.  10 

P>ut  z.  ylZ)(7is  right;  Const. 

.-.    L  ADG  =  L  ADC,  which  is  impossible; 
.  • ,   tr  is  not  the  centre. 

Now  G  is  any  point  out  of  CE; 
.'.  the  centre  is  in  CE. 

But,  since  the  centre  is  in  CE,  it  must  be  at  F,  the  middle 
point  of  CE. 
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Cor.  1. — The  straight  line  wliich  bisects  any  chord  of  a 
circle  perpendicularly,  passes  through  the  centre  of  the  circle. 

Cor,  2. — Hence  a  circle  may  be  described  which  shall 
pass  through  the  three  vertices  of  a  triangle. 

A 


For  if  a  circle  could  be  described  to  pass  through  A,  B,  C, 
the  vertices  of  the  triangle  ABC,  AB  and  AC  would  be 
chords  of  this  circle  ; 

.'.  DF,    which    bisects   AB   perpendicularly,    would    pass 
through  the  centre.  ///.  1,  Co):  1 

Similarly  EF,  which  bisects  AC  perpendicularly,  would 
pass  through  the  centre.  ///.  1,  Co):  1 

Hence  F  will  be  the  centre,  and  FA,  FB,  or  FC  the  radius. 

1.  Show  how,  by  twice  applying  Cor.  1,  to  find  the  centre  of  a 

given  circle. 

2.  Similarly,  show  how  to  find  the  centre  of  a  circle,  an  arc  only 

of  which  is  given. 

3.  Describe  a  circle  to  jiass  through  three  given  points.     When  is 

this  impossible  ? 
4  Describe  a  circle  to  pass  through  two  given  points,  and  have 
its  centre  in  a  given  straight  line.     When  is  this  impossible  ? 

5.  Describe   a   circle    to    pass    through    two    giveii    points,    and 

have  its  radius  equal  to  a  given  straight  hne.     ^Vhen  is  this 
impossible  ? 

6.  A  quadrilateral  has  its  vertices  situated  on  the  O  ''*  of  a  circle. 

Prove  that  the  straight  lines  which  bisect  the  sides  perpen- 
dicularly are  concurrent. 

7.  From  a  point   outside   a  circle   two   equal   straight    lines   are 

drawn  to  the  C^.     Prove  that  the  bisector  of  the  angle  they 
contain  passes  through  the  centre  of  the  circle. 
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8.  Show  also  that  tlie  same  thin"  is  true  when  the  point  is  taken 

either  within  the  circle  or  on  the  C". 

9.  Hence  give  another  method  of  finding  the  centre  of  a  given 

circle. 


PROPOSITIOX  2.     Theorem. 

If  any  two  points  he  taken  in  the  clrcumfcrrnce  of  a  cirjcle, 
the  straiglit  line  which  joins  them  si  call  fall  within  the 
circle.* 


Let  ABC  be  a  circle,  A  and  B  any  two  points  in  the  0°°  > 
it  is  required  to  prove  that  AB  shall  fall  icithin  the  circle. 

Find  D  the  centre  of  the  0  ABC;  III.  1 

take  any  point  E  in  AB,  and  join  DA,  DE,  DB. 

Because  DA  =  DB,  .-.   l  A  =   l  B.  /.  5 

But  L.  DEB  is  greater  than  l  A  ;  /.  16 

.•.     L  DEB  is  greater  than  L  B ; 

DB  is  greater  than  DE.  L  19 

Now  since  DE  drawn  from  the  centre  of  the  0  ABC  is  less 

than  a  radius,  Emusi  be  within  the  circle.     ///.  Def  1,  Cor.  1 

But  E  is  any  point  in  AB,  except  the  end  points  A  and  B; 

.'.  AB  itself  is  within  the  circle. 

1.  Prove  that  a  stra'ght  line  cannot  cut  the  C*  of  a  circle  in  more 
than  two  points. 

*  Euclid's  proof  is  indirect.     The  one  in  the  text  is  found  in  Clavii 
Commentaria  in  Eudidis  Elementa  (1612),  p.  109. 
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Desci'ibe  a  circle  whose  O'^*  shall  pass  through  a  given  point, 
whose  centre  shall  be  in  one  given  straight  line,  and  whose 
radius  shall  be  equal  to  another  given  straight  line.  May 
more  than  one  circle  be  so  drawn  ?  If  so,  how  many  ?  When 
will  there  be  only  one,  and  when  none  at  all  ? 


PROPOSITION  3.     Theorems. 

If  a  straight  line  drawn  through  the  centre  of  a  circle  bisect 
a  chord  which  does  not  pass  through  the  centre,  it  shall 
cut  it  at  right  angles. 

Conversely :  If  it  cut  it  at  right  angles,  it  shall  Insect  it. 

0 


(1)  Let  ABC  be  a  circle,  F  its  centre  ;  and  let  CE,  which 
passes  through  F,  bisect  the  chord  AB  which  does  not  pass 
through  F  : 
it  is  required  to  prove  CE  ±  AB. 


Join  FA,  FB. 

[AD  =  BD 

Hyp. 

In  As  ADF,  BDF,  \dF=DF 

(  FA  =  FB; 

HI.  Def  1 

.  L  ADF  =  u  BDF; 

/.  8 

.  C^  is  ±  AB. 

/.  Def  10 

(2)  In  0  ABCM  CEhe  J.  AB . 
it  is  required  to  j^rove  AD  =  BD. 
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Join  FA,  FB. 

(  L  ADF  =   L  BDF 
In  As  ADF,  BDF,  5  l  FAD  =   l  FBD 

(  DF  =  DF; 

'.  AD  =  BD. 


Eyix 
I.  5 

/.  26 

Need 


1.  In  the  figure  to  the  proposition,  C  and  E  are  on  the  O*^*. 

they  be  so  ? 

2.  The  O"^®  of  a  circle  passes  through  the  vertices  of  a  triangle. 

Prove  that  the  straight  lines  drawn  from  the  centre  of  the 
circle  perpendicular  to  the  sides  will  bisect  those  sides. 

3.  Two  concentric  circles  intercept  between  their  C^'^two  equal 

portions  of  a  straight  line  cutting  them  both. 

4.  Through  a  given  point  within  a  circle  draw  a  chord  which  shall 

be  bisected  at  that  point. 

5.  If  two  chords  in  a  circle  be  parallel,  their  middle  points  will  lie 

on  the  same  diameter. 

6.  Hence  give  a  method  of  finding  the  centre  of  a  given  circle. 

7.  If  the  vertex  of  an  isosceles  triangle  be  taken  as  centre,  and  a 

circle  be  described  cutting  tlie  base  or  the  base  produced,  the 
segments  of  the  base  intercepted  between  the  O*^  and  the 
ends  of  the  base  will  be  equal. 

8.  If  two  circles  cut  each  otlie-,  any  two  parallel  straight  lines 

drawn  through  the  points  of  intersection  to  the  O""'  will  be 
equal. 

9.  If  two  circles  cut  each    other,  any  two  straight   lines  drawn 

tin. ugh  one  of  the  points  of  intersection  to  the  O'^^  and 
making  equal  angles  with  the  line  of  centres  will  be  equaL 
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PROPOSITION  4.     Theorem. 

Tftwo  chords  of  a  circle  cut  one  another  and  do  not  hoth  pass 
through  the  centre,  the//  do  not  bisect  one  anollier. 


B"- ^C 

Let  ABC  be  a  circle,  AC,  BD  two  chords  which  cut 
one  another  at  E,  but  do  not  both  pass  through  the  centre  : 
it  is  required  to  prove  that  AC,  BD  do  not  bisect  one  another. 

(1)  If  one  of  them  pass  through  the  centre,  it  may  bisect 
the  other  which  does  not  pass  through  the  centre ;  but  it 
cannot  be  itself  bisected  by  that  other. 

(2)  If  neither  of  them  pass  through  the  centre,  let  AE 
=  EC,  and  BE  =  ED. 

Find  E  the  centre  of  0  ABC,  III.  1 

and  join  FE. 

Because  FE  passes  through  the  centre,  and  bisects  AC, 

.-.   L  FEA  is  right.  ///.  3 

Because  FE  passes  through  the  centre,  and  bisects  BD, 

.'.   L  FEB  is  i\g\ii  ;  III.  3 

.•.   L  FEA  =   L  FEB,  which  is  impossible. 

.*.  AC,  BD  do  not  bisect  one  another. 

1.  If  two  chords  of  a  circle  bisect  each  other,  what  must  both  of 

them  be  ? 

2.  No  ll™  whose  diagonals  are  unequal  can  have  its  vertices  on  tiie 

C®  of  a  circle. 
i/.  y^o  11""  except  a  rectangle  can  have  its  vertices  on  the  O"  of  a 
circle. 
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PROPOSITION  5.     Theorem. 

If  two  circles  cut  one  another,  they  cannot  have  the  same 
centre. 

A 


Let  the  0s  ABC,  ADE  cut  one  another  at  A: 
it  is  required  to  prove  that  they  cannot  have  the  same  centre. 

If  they  can,  let  F  be  the  common  centre. 
Join  FA,  and  draw  any  other  straight  line  FCE  to  meet 
the  two  O""'- 

Then  FA  =  FC,  being  radii  of  0  ABC,  III.  Def.  1 

and         FA  =  FE,  being  radii  of  0  ADE;        III.  Def.  1 

FC  =  FE,  which  is  impossible. 
.*.  0s  ABC,  ADE  cannot  have  the  same  centre. 

1.  If  two  circles  do  not  cut  one  another,  can  they  have  the  same 

centre  ? 

2.  If  two  circles  cut  one  another,  can  their  common  chord  be  a 

diameter  of  either  of  them  ?     Can  it  be  a  diameter  of  both  ? 

3.  If  the  common  chord  of  two  intersecting  circles  is  the  diameter 

of  one  of  them,  prove  that  it  is  ±  the  straight  lino  joining  the 

centres. 
i.  If  two    circles  cut  one   another,  the   distance   between   their 

centres  is  less  than  the  sum,  and  greater  than  the  difference 

of  their  radii. 
5.  Prove  the  converse  of  the  preceding  deduction. 
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PROPOSITION  6.     Theorem. 

//  two  circles  touch  one  another  internally,  they  cannot  have 
the  same  aentre. 


Let  the  0s  ABC,  ADE  touch  one  another  internally  at  A : 
it  is  required  to  prove  that  they  cannot  have  the  same  centre. 

K  they  can,  let  F  be  the  common  centre. 
Join  FA,  and  draw  any  other  straight  line  FFC  to  meet 
the  two  O"'- 

'J'hen  FA  =  FC,  being  radii  of  0  ABC,  IIL  Def.  1 

and        FA  =  FE,  being  radii  of  0  ADE;        III.  Def.  1 

FC  =  FE,  which  is  impossible. 
.'.  0s  ABC,  ADE  cannot  have  the  same  centre. 

1.  If  two  circles  touch  one  another  externally,  can  they  hare  the 

same  centre  ? 

2.  Enunciate  III.  5,  6,  and  the  preceding  deduction  in  one  state- 

ment. 

3.  If  one  circle  be  inside  another,  and  do  not  touch  it,  the  distance 

between  their  centres  is  less  than  the   diflference  of  their 
radii. 

4.  If  one  circle  be  outside  another  and  do  not  touch  it,  the  distance 

between  their  centres  is  greater  than  the  sum  of  their  radii. 
h.  Prove  the  converses  of  the  two  preceding  deductions. 
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PROPOSITION  7.     Theorem. 

If  from  any  •point  wiihin  a  circle  which  is  not  the  centre, 
straight  lines  he  drawn  to  the  circumference,  the  greatest 
is  that  which  passes  through  the  centre,  and  the  remain- 
ing part  of  that  diameter  is  the  least ;  of  the  others, 
that  which  is  nearer  to  the  greatest  is  greater  than  the 
more  remote  ;  and  from  the  given  point  straight  lines 
which  are  equal  to  one  another  can  he  drawn  to  the 
circumference  only  in  pairs,  one  on  each  side  of  the 
diameter. 


Let  ABC  be  a  circle,  and  P  any  point  within  it  which  is 
not  the  centre  ;  from  P  let  there  be  drawn  to  the  Q"  DP  A, 
PB,  PC,  of  which  DP  A  passes  through  the  centre  0  : 
it  is  required  to  prove  (1)  that  PA  is  greater  than  PB  ; 

(2)  that  PB  is  greater  than  PC ; 

(3)  that  PD  is  less  than  PC; 

(4)  that  only  one  straight  line  can  he 

drawn  from  P  to  the  Q"^  =  PC 

Join  OB,  OC. 

(1)  Because  OB  =  OA,  being  radii  of  the  same  circle; 
.-.    PO  +  OB        ^  PO  +  OA,  or  PA. 
But  PO  +  OB  is  greater  than  PB  ;  I.  20 

PA  is  greater  than  PB. 
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IP0  =  P0 

(2)  In  As  POB,  POC,  lOB  =  00  III.  Def.  1 

(  L  POB  is  greater  than  l  POC; 
.'.  PB  is  greater  than  PC.  I.  24 

(3)  Because  OC  -  OP  is  less  than  PC,  I.  20,  Cor. 
and  OC  =  OZ),  being  radii  of  the  same  circle ; 

.-.  OD  -  OP  is  less  than  PC ; 
.-.  PD  is  less  than  PC. 

(4)  At  0  make  l  POL  =  z.  POC,  I.  23 
and  join  PL. 

i         PO  =  PO 
In  As  POL,  POC, }         OL  =  OC  III.  Def.  1 

(  L  POL  =    L  POC;  Const. 

.'.  PL  =  PC.  T.  4 

And  besides  PL  no  other  straight  line  can  be  drawn  from 
P  to  the  O'"  =  PG- 
For  if  PM  were  also  ^  PC, 
then  Pilf  =  PL,  which  is  impossible. 

Cor. — If  from  a  point  inside  a  circle  more  than  two  equal 
straight  lines  can  be  drawn  to  the  0™>  that  point  must  be 
the  centre. 

For  another  proof  of  this  Cor.,  see  III.  9. 

1.  Prove  PC  greater  than  PD,  using  I.  20  instead  of  I.  20,  Cor. 

2.  Wherever  the  point  P  be  taken,  provided  it  be  inside  the  circle 

ABC,  the  Slim  of  the  greatest  and  the  least  straight  lines 
that  can  be  drawn  from  it  to  the  O  "^^   is  constant. 

3.  Find  another  point  whose  greatest  and  least  distances  from  the 

O<^o  are  respectively  =  those  of  P  from  the  O"®.     How  many- 
such  points  are  there  ?     Where  do  they  lie  ? 

4.  Prove,  by  considering  POA  and  POD  as  infinitely  thin  tria.ngles, 

that  PA  is  greater  than  PB,  and  PC  greater  than  PD  by 
1.24 
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PROPOSITION  8.  Theorem. 
If  from  amj  jpoint  without  a  circle  straight  lines  he  dravyn  to 
the  circumference,  of  those  which  fall  upon  tJie  concave  part 
of  the  circumference  the  greatest  is  that  which  passef 
through  the  centre,  and  of  the  others  that  ivhich  is  nearer  to 
the  greatest  is  greater  than  the  more  remote:  but  of  those 
which  fall  on  the  convex  part  of  the  circumference  the  least 
is  that  which,  when  jyroduced,  j^osses  through  the  centre, 
and  of  the  others  that  which  is  nearer  to  the  least  is  less  than 
the  more  remote  ;  and  from  the  given  point  straight  lines 
which  are  equal  to  one  another  can  he  dranni  to  the  circumr 
ference  only  in  pairs,  one  on  each  side  of  the  diameter. 
C 


Let  ABC  be  a  circle,  and  P  any  point  without  it ;  from 
P  let  there  be  drawn  to  the  Q'"  PDA,  PEB,  PFC,  of 
which  PDA  passes  through  the  centre  0  : 
it  is  required  to  prove  (1)  that  PA  is  greater  than  PB  ; 

(2)  that  PB  is  greater  than  PC ; 

(3)  that  PD  is  less  than  PE ; 

(4)  that  PE  is  less  than  PF ; 

(5)  that   only   one   straight   line   can 
he  draivnfrom  P  to  the  0''=  PF. 

Join  OB,  00,  OE,  OF. 

(1)  Because  OB  =  OA,  being  radii  of  the  same  circle  3 
PO  +  OB  =  PO  +  OA,  or  PA. 
But        PO  +  OB  is  greater  than  PB ;  I.  20 

,',  PA  is  greater  than  PB. 
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(PO  =  PO 

(2)  In  As  POB,  POC,  JOB  =  OG  III.  Def.  1 

(  _  P05  is  greater  than  l  POG , 
.-.  PB  is  greater  than  PG.  I.  24 

(3)  Because  OP  -  OE  is  less  than  PE,  I.  20,  Gor. 
and  OE  =  OD,  being  radii  of  the  same  circle ; 

.-.  OP  -  0D\&  less  than  PE ; 

.'.  PD  is  less  than  PE.     .  p^  _   p^ 

(4)  In  As  POE,  POP,  \oE  =^  OF  III.  Def.  1 

(  L  POE  is  less  than  l  POP  ; 

I.  24 
/.  23 


.-.  P^  is  less  than  PP. 

(5)  At  0  make  l  POG 

=     L 

POF, 

and  join 

P.. 

PO 

=  PO 

In  As 

POG,  POF, } 

OG 

=  OF 

u 

POG 

-    L  POF; 

III.  Def.  1 
Gonst. 

.-.  PG  =  PP.  I  4 

And  besides  PG  no  other  straight  line  can  be  drawn  from 
P  to  the  C  =  PP. 
For  if  PH  were  also  =  PF, 
then  PiZ"  =  PG,  which  is  impossible. 

1.  Prove  PE  greater  than  PD,  using  I.  20  instead  of  I.  20,  Cor. 

2.  Prove  that  PE  is  less  than  PF.  using  I.  21  instead  of  I.  24. 

3.  Wherever  the  point  P  be  taken,  provided  it  be  outside  the  circle 

ABC,  the  difference  of  the  greatest  and  the  least  straight 
lines  that  can  be  drawn  from  it  to  the  O  "^  is  constant. 

4.  Compare  the  enunciations  of  the  last  deduction  and  of  the  analo- 

gous one  from  III.  7,  and  state  and  prove  the  corresponding 
theorem  when  the  point  P  is  on  the  C*  of  the  ©  ABC. 

5.  Prove  that  ^Z>  is  greater  than  BE,  and  BE  greater  than  CF. 

6.  If  the  straight  line  PFC  be  supposed  to  revolve  round  P  as  a 

pivot,  till   the   points  F  and    C  coincide,  what  would   the 
straight  line  PFC  become  ? 

7.  The  tangent  to  a  circle  from  any  external  point  is  less  than  any 

secant  to  the  circle  from  that  point,  and  greater  than  the 
external  segment  of  the  secant. 
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8.   Could  a  liue  be  drawn  to  separate  the  concave  from  the  convex 
part  of  the  O  "*  of  the  ©  A  BC  viewed  from  the  point  P  ?  How  ? 


PROPOSITION  9.     Theorem.  . 

If  from  a  point  toUhin  a  circle  more  than  two  eqiuil  straight 
lines  can  be  drawn  to  the  circumference,  that  point  is  the 
centre.* 


Let  ABC  be  a  circle,  and  let  three  equal  straight  lines 
DA,  DB,  DC  be  drawn  from  the  point  D  to  the  Q"*  • 
it  is  required  to  prove  that  D  is  the  centre  of  the  circle. 

Join  AB,  BC,  and  bisect  them  at  E,  F;  /.  10 

and  join  DE,  DF. 

iAE  =  BE  Const. 

In  As  AED,  BED,  )eD  =  ED 

(da  =  DB;  Hyp. 

.'.    L  AED  =  L  BED;  I.  8 

.-.  DE\s  JL  AB; 

.-.  DE,   since   it  bisects  AB  perpendicularly,   must   pass 
through  the  centre  of  the  circle.  ///.  1,  Cor.  1 

Henc€  also  DF  must  pass  through  the  centre  ; 
..  D,  the  only  point  common  to  DE  and  DF,  is  the  centre. 

Prove  the  proposition  by  itsing  the  eighth  deduction  from  III.  1. 

*  In  the  MSS.  of  Euclid,  two  proofs  of  this  pro)  osition  occur,  only  the 
second  of  which  Sinison  inserted  in  his  edition.  The  one  given  in  the 
text  is  the  first. 
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PROPOSITION  10.     Theorem. 
One  circle  cannot  ciit  another  at  more  than  two  points'' 
A 


If  it  be  possible,  let  the  0  ABC  cut  the  ©  EBC  at  more 
than  two  points — namely,  at  B,  C,  D. 

Join  BC,  CD,  and  bisect  them  at  F  and  G  ;  7.  10 

through  i^and  G  draw  FO,  GO  ±  BC,  CD,  I.  11 

and  let  FO,  GO  intersect  at  0. 

Because  BC  is  a  chord  in  both  circles,  and  FO  bisects  it 
perpendicularh', 

.•.  the  centres  of  both  circles  lie  in  FO.  III.  1,  Cor.  1 

Hence  also  the  centres  of  both  circles  lie  in.  GO  ; 

.'.  0  is  the  centre  of  both  circles, 
which  is  impossible,  since  they  cut  one  another.  III.  5 

.'.  one  circle  cannot  cut  another  at  more  than  two  points. 

1.  Two  circles  cannot  meet  each  other  in  more  than  two  points. 

2.  If  two  circles  have  three  points  in  common,  how  must  they  be 

situated  ? 

3.  Show,  by  supposing  the  radius  of  one  of  the  circles  to  increase 

indefinitely  in  length,  that  the  first  deduction  from  III.  2  is 
a  particular  case  of  this  proposition. 

*  In  the  MSS.  of  Euclid,  two  proofs  of  this  proposition  occur,  orJy  the 
second  of  which  Simson  inserted  in  his  edition.  The  one  given  in  the 
text  is  the  first. 


I 
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PROPOSITIOX  11.     Theorem. 

If  two  circles  touch  one  another  internally  at  any  point,  the 
straight  line  which  joins  their  centres,  being  produced, 
shall  pass  through  that  point. 

A 


Because  FA 
and  GA 

.-.  FA  -  GA 


III.  Def. 
III.  Def. 


Let  the  two  Os  ABC,  ADE,  whose  centres  are  F  and  G, 
touch  one  another  internally  at  the  point  A  : 
it  is  required  to  prove  that  FG  produced  passes  through  A. 

If  not,  let  it  pass  otherwise,  as  FGHL. 
Join  FA,  GA. 

=  FL,  being  radii  of  0  ABC, 
=  GH,  being  radii  of  0  ADE; 
=  FL  -  GH, 
=  FG  +  HL; 
.-.  FA  -  GAh  greater  than  FG  by  HL. 
But  FA  -  GA  is  less  than  FG  ; 
.'.  FA  —  GA  is  both  greater  and  less  than  FG,  which  is 
impossible ; 
.'.  FG  produced  must  pass  through  A. 

1.  If  two  circles  touch  internally,  the  distance  between  their  centres 

is  equal  to  the  difference  of  their  radii. 

2.  Two  circles  touch  internally  at  a  point,  and  through  that  point  a 

straight  line  is  drawn  to  cut  the  O**'  of  the  two  circles.  If 
the  points  of  intersection  be  joined  with  the  respective 
centres,  the  two  straight  lines  will  be  parallel. 

3.  This  proposition  is  a  particular  case  of  the  tenth  deduction  from  1. 8. 


7.  20,  Cor. 
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PROPOSITION  12.     Theorem. 

If  two  circles  touch  one  another  externally  at  any  point,  the 
straight  line  ichich  joins  their  centres  shall  pass  through 
that  point. 


Let  the  two  0s  ABC,  ADE,  whose  centres  are  i^and  G^ 
touch  one  another  externally  at  the  point  A  : 
it  is  required  to  prove  that  FG  passes  through  A. 

If  not,  let  it  pass  otherwise,  as  FLHG. 
Join  FA,  GA. 

Because  FA  =  FL,  being  radii  of  0  ABC,      III.  Def.  1 
and  GA  =  GH,  being  radii  of  0  ADF;  III.  Def.  I 

.'.  FA  +  GA  =  FL  +  GH, 
=  FG  -  HL; 
.-.  FA  +  GA\B  less  than  FG  by  HL. 
BviiFA  +  GA  is  greater  than  FG ;  I.  20 

.*.  FA  +  GA  is  both  less  and  greater  than  FG,  which  is 
impossible  ; 
.•.  FG  must  pass  through  A. 

1.  If  two  circles  touch   externally,  the   distance   between    their 

centres  is  equal  to  the  sum  of  their  radii. 

2.  Two  circles  touch  externallj'  at  a  point,  and  through  that  point 

a  straight  line  is  drawn  to  cut  the  O  *^**  of  the  two  circles.  If 
the  points  of  intersection  be  joined  with  the  respective 
centres,  the  two  straight  lines  will  be  parallel. 

3.  This  proposition  is  a  particular  case  of  the  tenth  deduction  from  1. 8. 
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PEO  POSITION  13.     Theorem. 

Two  circles  cannot  touch  each  other  at  more  points  than  ans, 
whether  internally  or  externally. 


C  A 


For,  if  it  be  possible,  let  the  two  0s  ABC,  BDC  touch 
each  other  at  the  points  B  and  G. 

Join  BC,  and  draw  AD  bisecting  BC  perpen- 
dicularly. /.  10,  11 

Because  B  and  G  are  points  in  the  O"^*  of  both  circles, 

.*.  BG  is  a  chord  of  both  circles. 
And  because  AD  bisects  BC  perpendicularly,  CoTist. 

.*.  AD  passes  through  the  centres  of  both  circles ; 

///.  1,  Cor.  1. 

.*.  AD  passes  also  through  the  points  of  contact 
5  and  C,  III.  11,  12 

which  is  impossible. 

Hence  the  two  0s  ABC,  BDC  cannot  touch  each  other  at 
more  points  than  one,  whether  internally  or  externally. 

1.  If  the  distance  between  the  centres  of  two  circles  be  equal  to 

the  sum   of  their  radii,  the  two   circles  touch   each  other- 

externally. 
S.  If  the  distance  between  the  centres  of  two  circles  be  equal  to 

the  difference  of  their  radii,  the  two  circles  touch  each  other 

iuternally. 
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PROPOSITION  14.     Theorems. 

Equal  cliords  in  a  circle  are  equidistant  from  the  centre. 
Conversely ;  Chords  in  a  circle  which  are  equidistant  from 
t?ie  centre  are  equal. 


(1)  Let  AB,  CD  be  equal  chords  in  the  0  ABC,  and 
EF,  EG  their  distances  from  the  centre  E  : 

it  is  required  to  prove  EF  =  EG. 

Join  EA,  EC. 

Because  EF  drawn  through  the  centre  ^  is  J_  AB, 
.-.  EF  bisects  AB,  that  is,  AB  is  double  of  AF.         III.  3 
Hence  also  CD  is  double  of  CG. 

Now  since     AB  =  CD,    .'.    AF  =  CG,  and  AF'^  =  CG\ 
But  because  EA  =  EC,     .'.  EA"^  -  EC^ ; 
.-.  AF-^  +  FE-^  -  CG^2  +  QE-2.  I.  4:7 

Take  away  AF^  and  CG-  which  are  equal ; 
.-.  FE^-  =  GE\  and  FE  =  GE. 

(2)  Let   AB,    CD  be  chords  in  the    0    ABC,   and  let 
EF,  EG,  their  distances  from  the  centre  E,  be  equal : 

it  is  required  to  prove  AB  =  CD. 

Join  EA,  EC. 

It  may  be  proved  as  before  that  AB  =  2  AF,   CD  =  2  CG, 
and  that  AF^  +  FE^  =  CG^  +  GE^. 
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Now  FE'^  =  GE\        since  FE  =  GE; 
.-.     AF^  =  CG^  and  AF  =  GG; 

.-.  2  AF  =  2  CG,  that  is,  AB  =  CD. 

1.  If  a  series  of  equal  chords  be  placed  in  a  circle,  their  middle 

points  will  lie  on  the  O"®  of  another  circle. 

2.  Two  parallel  chords  in  a  circle  whose  diameter  is  10  inches,  are 

8  inches  and  6  inches  ;  find  the  distance  between  them. 

3.  If  two  chords  of  a  circle  intersect  each  other  and  make  equal 

angle's  with  the  diameter  drawn  through  their  point  of  inter- 
section, they  are  equal. 

4.  If  two  secants  of  a  circle  intersect,  and  make  equal  angles  with 

the  diameter  drawn  through  their  point  of  intersection,  those 
parts  of  the  secants  intercepted  by  the  O "  are  equal 

5.  If  in  a  given  circle  a  chord   of  given  length  be   placed,  the 

distance  of  the  chord  from  the  centre  will  be  fixed. 

6.  Prove  the  converse  of  the  preceding  deduction. 

7.  If  two  equal  chords  intersect  either  within  or  without  a  circle, 

the  segments  of  the  one  are  equal  to  the  segments  or  the 
other. 


PROPOSITION  15.     Theorems. 

The  diameter  is  the  greatest  chord  in  a  circle;  and  of  all 
others  that  which  is  nearer  to  the  centre  is  greater  than 
one  more  remote. 

Conversely  .•  The  greater  chord  is  nearer  to  the  centre  than 


the  less. 


A  B 
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Let  ABC  be  a  circle  of  which  AD  is  a  diameter,  and 
BC,  FG  two  other  chords  whose  distances  from  the  centre 
E?ireEH,EK: 
it  is  required  to  prove  : 
(!)  that  AD  is  greater  than  BC  or  FG  ; 

(2)  that,  if  EH  is  less  than  EK,  BC  musthe  greater  than  FG  ; 

(3)  that,  if  BC  is  greater  than  FG,  EH  must  be  less  than  EK. 


(1)  Join  EB,  EC. 

Because  AE  =  BE,  and  ED  =  EC;  III.  Def.  1 

.-.  AD  ^  BE  ^  EC. 
But  BE  +  EC  is  greater  than  BQ ;  I.  20 

.'.  AD  i^  greater  than  BC. 

(2)  Join  EB,  EC,  EF. 

It  may  be  proved,  as  in  the  preceding  proposition, 
that  BC  is  double  of  BH,  that  FG  is  double  of  FK, 
and  that  EH'^  +  HB''-  =  EK'^  +  KF\ 
liTow  EH'^  is  less  than  EK'^,  since  EH  is  less  than  EK  ;  Hyp. 

.'.  HW  is  greater  than  KF\  and  HB  greater  than  KF. 

.'.  twice  HB  is  greater  than  twice  KF, 
that  is,  BC  is  greater  than  FG. 

(3)  Join  EB,  EC,  EF. 

It  may  be  proved,  as  before,  that  BC=2  BH,  FG  =  2  FK, 
and  that  EH'^  +  H&  =  EK'^  +  KFK 
Now,  since  BC  is  greater  than  FG,  '         Hyp. 

.'.  BH  is  greater  than  FK,  and  BH^  greater  than  FK^. 
Hence  EH-  must  be  less  than  EK'-,  and  ^^  less  than  EK 

1.  'The  shortest  chord  that  can  be  drawn  through  a  given  point 
within  a  circle  is  that  which  is  perpendicular  to  the  diameter 
through  the  point. 
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2.  Of  two  chords  of  a  circle  which  intersect  each  other,  and  make 

unequal  angles  with  the  diameter  drawn  through  their  point 
of  intersection,  that  which  makes  the  less  angle  ia  the 
greater. 

3.  If  two  secants  of  a  circle  intersect  each  other,  and  make  unequal 

angles  with  the  diameter  drawn  through  their  point  of  inter- 
section, that  part  which  is  intercepted  by  the  O''*  on  the 
secant  making  the  less  angle  is  greater  than  the  corresponding 
part  on  the  other. 

4.  Through  either  of  the  points  of  intersection  of  two  circles  draw 

the  greatest  possible  straight  line  terminated  both  ways  by 
the  O'*^  Draw  also  the  least  possible,  and  show  that  the 
two  are  at  right  angles  to  each  other. 


PEOPOSITION  16.    Theorem. 

Tlie  straight  line  drawn  perpendicular  to  a  diameter  of  a 
circle  from  either  end  of  it,  is  a  tangent  to  the  circle ; 
and  every  other  straight  line  drawn  through  tlie  sarm 
point  cuts  the  circle* 


*  Euclid's  proof  of  this  proposition  is  indirect.  The  one  in  the 
text  is  given  by  Orontius  Finseus  (1544),  the  second  part,  however, 
being  somewhat  simplified. 
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Let  ABC  be  a  circle,  of  which  Fis,  the  centre  and  AG  a, 
diameter;  through  C  let  there  be  drawn  DE  J.  AC,  and 
any  other  straight  line  HK  : 

it  is  required  to  prove  that  DE  is  a  tangent  to  the  0  ABC, 
and  that  HK  cuts  the  circle. 

Take  any  point  G  in  DE,  and  join  FG ; 
from  F  draw  FL  ±  HK.  I.  12 

Because  l  FCG  is  right,  Hyp. 

.'.  FG  is  greater  than  FC,  a  radius  of  the  circle ;  7.  19  Cor. 

.'.  the  point  G  must  be  outside  the  circle.  ///.  Def-  1,  Cor.  2 
Now  G  is  any  point  in  DE,  except  the  point  G; 

.'.  DE  is  a  tangent  to  the  circle.  ///.  Def.  3 

Again,  because  L  FLC  is  right.  Const. 

.'.  FL  is  less  than  FC,  a  radius  of  the  circle  ;       /.  19  Cor. 

.•.  the  point  L  must  be  inside  the  circle.  ///.  Def.  1,  Cor.  2 
Now  Z  is  a  point  in  HK; 

.-.  HK  cuts  the  circle. 

1.  Draw  a  tangent  to  a  circle  at  a  given  point  on  the  O"'. 

2.  Only  one  tangent  can  be  drawn  to  a  circle  at  a  given  point  on 

its  C^ 

3.  Two   (or  a  series  of)   circles   touch   each   other,  externally  or 

internally,   at  the   same   point.     Prove  that  they  have  the 
same  tangent  at  that  point. 

4.  K  a  series  of  equal  chords  be  placed  in  a  circle,  they  will  be 

tangents  to  another  circle  concentric  with  the  former. 

5.  A  straight  line  will  cut,  touch,  or  lie  entirely  outside  a  circle, 

according  as  its  distance  from  the  centre  is  less  than,  equal 
to,  or  greater  than  a  radius. 

6.  Draw  a  tangent  to  a  circle  which  shall  be  ||  a  given  straight 

line. 

7.  Draw  a  tangent  to  a  circle  which  shall  be  i.  a  given  straight 

line. 

8.  Draw  a  tangent  to  a  circle  which  shall  make  a  given  angle  with 

a  given  straight  hne.     How  many  tangents  can  be  drawn  in 
eacii  of  the  three  cases  ? 
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PROPOSITION  17.     Problem. 
To  draw  a  tangent  to  a  circle  from  a  given  jyotTtt. 

G 


Let  BDC  be  the  giren  circle,  and  A  the  given  point : 
it  is  required  to  draw  a  tangent  to  the  O  BDC  from  A. 

Case  1. — "When  the  given  point  A  is  inside  the  O  BDC, 
the  problem  is  impossible. 

Case  2. — "When  the  given  point  A  is  on  the  0°*  of  tho 
O  BDC. 

Find  E  the  centre  of  tlie  O  BDC;  III.  1 

join  EA,  and  through  A  draw  FG  ±  EA.  /.  11 

Then  FG  is  a  tangent  to  the  ©  BDC.  III.  16 

Case  3. — When   the   given  point  A  is  outside  the  0 
BDC. 

Find  E  the  centre  of  the  O  BDC ;  III  1 

and  join  AE,  cutting  the  O''  of  0  BDC  at  D. 
With  centre  E  and  radius  EA,  describe  0  AGF; 
through  D  draw  FDG  ±  AE,   and   meeting   the  O"  of 
0  AGF  at  i^and  G.  L  11 

Join  EF,  EG,  cutting  the  O"'  of  O  BDC  at  B  and  C, 
and  join  AB,  AC.         AB  or  ^C  is  the  required  tangent. 
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(    AE  =  FE  ,  HI.  Def.  1 

In  ^s  ABE,  FDE, }    EB  =  ED  III.  Def.  1 
(lE=   lEj 

.'-  ^  ABE  =   L  FDE,  I.  4 

=  a  right  angle.  Const 

.-.  ABhdi  tangent  to  the  0  BDC.  III.  16 
Hence  also,  ^C  is  a  tangent  to  the  0  BDC. 

Cor. — Tlie  two  tangents  that  can  be  drawn  to  a  circle 
from  an  external  point  are  equal. 

By  comparing  As  ABE,  FDE  it  may  be  proved  that 
AB  =  FD;  I  4 

and  by  comparing  As  ACE,  GDE,  it  may  be  proved  that 
AC=GD.  ^  7.4 

Now,  since  EG  is  a  chord  of  the  0  AFG,  and  ED 
drawn  through  the  centre  is  J.  FG ;  Const. 

.-.  FD  =  GD.  in.  3 

Hence  AB  =  AG. 

1.  Prove  AB  =  AC hy  (a)  I.  47,  (6)  X.  5,  6. 

2.  The  tangents  AB,  AC  make  equal  angles  witli  the  diameter 

through  A. 

3.  Prove  i  BA  C  supplementary  to  L  BSC.     State  this  result  in 

words. 

4.  No  more  than  two  tangents  can  be  drawn  to  a  circle  from  ar 

external  point. 

5.  If  a  quadrilateral  be  circumscribed  *  about  a  circle,  the  sum  of 

two  oi)230site  sides  is  equal  to  the  sum  of  the  other  two. 

6.  Generalise  the  preceding  deduction. 

/.  If  a  11""  be  circumscribed  about  a  circle,  it  must  be  a  rhombus. 

8.  From  a  point  outside  a  circle  two  tangents  are  drawn.  The 
straight  line  joining  the  point  with  the  centre  bisects  per- 
pendicularly the  chord  of  contact.  (In  tig.  2,  BC  is  the 
chord  of  contact.) 


*  A  figure  is  circumscribed  about  a  circle  when  its  sides  touch  th« 
cirde. 
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PROPOSITION  18.     Theorem. 

The  radius  of  a  circle  drawn  to  the  point  oj  contact  of  a 
tangent  is  perpendicular  to  the  taugeni. 
A 


D  c  G     E 

Let  ABC  be  a  circle  Avhose  centre  is  F.  and  DE  a  tangeut 
to  it  at  the  point  C  : 
ii  is  required  to  prove  that  the  radius  FC  is  J.  DE. 

If  not,  from  F  draw  FG  ±  DE,  and  meeting  the  O"* 
at  5.  /.  12 

Because  l  FGC  is  a  right  angle,  Const. 

.'.  FG  is  less  than  FO.  I.  19  Cor. 

But  FC  =  FB;  III.  Def.  1 

.-.  FGis  less  than  i^5, 
which  is  impossible ; 
.'.  J'amust  be  _L  DE. 

1.  Tangents  at  the  ends  of  a  diameter  of  a  circle  are  parallel. 

2.  If  a  series  of  chords  in  a  circle  be  tangents  to  another  concentric 

circle,  the  chords  are  all  equal. 

3.  If  two  circles  be  concentric,  and  a  chord  of  the  greater  be  a 

tangent  to  the  less,  it  is  bisected  at  the  point  of  contact. 

4.  Through  a  given  point  within  a  circle  draw  a  chord  ■which  shall 

be  equal  to  a  given  length.     May  the  given  point  be  outs-ide 
the  circle  ?     What  are  the  limits  to  the  given  length  ? 

5.  Deduce  this  proposition  from  I.  5,  by  supposing  the  tangent  DE 

f/  be  at;  first  a  secant. 

6.  Two  circles,   whose  tientres   are   A    and  B,   have   a  coinmofS 

tpngent  CD;  prove  AC \\  BD. 
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PKOPOSITION"  19.    Theorem. 
l^he  straight  line  drawn  from  the  paint  of  contact  of  a 
tangent  to  a  circle  perpendicular  to  the  tangent  passes 
through  the  centre  of  the  circle. 

A 


Let  DE  be  a  tangent  to  the  O  ABC  at  tke  point  C,  and 
let  CA  be  ±  DE  : 
it  is  reguired  to  prove  that  CA  passes  through  the  centre. 

if  not,  let  F  be  the  centre, 
and  join  EC. 

Then  l  FCE  is  right.  III.  18 

But  L  ACE  is  right;  Hyp. 

.•.  L.  ECE  =  L  ACE,  which  is  impossible; 
,*.  CA  must  pass  through  the  centre  of  the  circle. 

1.  In  the  figure,  A  is  on  the  0<=*.    Need  it  be  so? 

2.  This  proposition  is  a  particular  case  of  III.  1,  Cor.  1. 

3.  A  series  of  circles  touch  a  given  straight  line  at  a  given  po. 

Where  will  their  centres  all  lie  ? 

4.  Describe  a  circle  to  touch  two  given  straight  lines  at  two  given 

points.     When  is  this  problem  possible  ? 

5.  If  two  tangents  be  drawn  to  a  circle  from  any  point,  the  angle 

contained  by  the  tangents  is  double  the  angle  contained  by 
the  chord  of  contact  and  the  diameter  drawn  through  either 
point  of  contact 
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PROPOSITION  20.    Theorem. 

An  angle  at  the  centre  of  a  circle  its  double  of  an  angle  at  the 
circumference  which  stands  on  the  same  arc. 


In  the  0  ABC  let  l  BEC  at  the  centre  and  L  BAC  at 
the  O"®  stand  on  the  same  arc  BC: 
U  is  required  to  prove  l  BEC  =  tioice  l  BAG. 

Join  AE  and  produce  it  to  F. 

Because  EA  =  EC,  .-.    i.  EAC  =  l  ECA;  K  o 

.-.    L  EAC  +  L  EGA  =  twice  l  EAC. 
But  L  EEC  =  L  EAC  +  L  EGA ;  L  32 

L  EEC  =  twice  l  EAC. 
Similarly  l  FEB  =  twice  l  EAB. 
Hence,  in  figs.  1  and  2, 

L  EEC  ^-  L  FEB  =  twice  l  EAC  +  twice  l  EAB, 
that  is,         L  BEC  =  twice  l  BAC; 
and  in  fig.  3, 

^  EEC  -  L  FEB  -  twice  l  EAC  -  tmce  l  EAB, 
that  is,         L  BEC  =  twice  l  BAC. 

1.  In  the  figures  to  the  proposition,  F\s  on  the  O".     Need  it  be  so  ? 

2.  The  angle  in  a  semicircle  is  a  right  angle. 

§.  B  and  C  are  two  fixed  points  in  the  O"  of  the  circle  ABC* 
Prove  that  wherever  A  be  taken  on  the  arc  BAC,  the  magni- 
tude of  the  angle  BAC  is  constant. 
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PROPOSITION  21.     Theorems. 

Angles  in  the  same  segment  of  a  circle  are  equal. 

Conversely:  If  two  equal  angles  stand  on  the  same  arc, 
and  the  vertex  of  one  of  them  he  on  the  conjugate  arc, 
the  vertex  of  the  other  will  also  he  on  it* 
A 


(1)  Let  ABD  be  a  circle,  and  ls,  A  and  C  in  the  same 
segment  BCD  : 

it  is  required  to  prove  L  A  =   l  C. 

Find  F  the  centre  of  the  0  ABDy  III.  1 

and  join  BF,  DF. 

Then  L  BFD  =  twice  L  A,  III.  20 

and         L.  BFD  =  twice  l  G;  III.  20 

L  A  =  lC. 

(2)  Let  L'&  A  and  C,  which  are  equal,  stand  on  the  same 
arc  BD,  and  let  the  vertex -4  be  on  the  conjugate  arc  BAD : 
it  is  required  to  prove  that  the  vertex  C  will  also  he  on  it. 

If  not,  let  the  arc  BAD  cut  BC  or  BG  produced  at  G  ; 
join  DG. 

Then  L  A  =  L  BGD.  III.  21 

But         L  A  =  L  G;  Hyp. 

.'.    L  BGD  =  L  C,  which  is  impossible.  /  16 

Hence  C  must  be  on  the  circle  which  passes. through  B,  A,  D. 

*  Tbo  second  part  of  this  proposition  is  not  given  by  Euclid. 
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1.  In  the  figure  to  III.  4,  if  AB,  CD  be  joined,  A  AEB  is  equi- 

angular to  A  DEC 

2.  If  from  a  point  E  outside  a  circle,  two  secants  EC  A,  EBD  be 

drawn,  and  AB,  CD  be  joined,  A  AEB  is  equiangular  to 
A  DEC. 

3.  Given  three  points  on  the  o  '*  of  a  circle ;  find  any  number  of 

other  points  on  the  O*^®  -without  knowing  the  centre. 

4.  Two  tangents  AB,  AC  are  drawn  to  a  circle  from  an  external 

point  A;  Dm  any  point  on  the  0<*  outside  the  A  ABC. 
Show  that  the  sum  of  z  s  ABD,  ACD  is  constant. 

5.  la  the  last  theorem  true  when  D  lies  elsewhere  on  the  O  •=«  ? 

6.  Segments   of    two   circles   stand  upon  a  common   chord   AB. 

Through  C,  any  point  in  one  segment,  are  drawn  the  straight 
lines  A  CE,  BCD  meeting  the  other  segment  in  E,  D.  Prove 
that  the  length  of  the  arc  DE  is  invariable  wherever  the  point 
C  be  taken. 


PROPOSITION  22.     Theorems. 

The  opposite  angles  of  a  quadrilateral  inscribed  in  a  circle 

are  supplementary. 
Conversely :     If  the  opposite  angles  of  a  quadrilateral  he 

supplementary,  a  circle  may  he  circumscribed  about  the 

quadrilateral.* 

A  ^ S.A 


(1)  Let  the  quadrilateral  ABCD  be  inscribed  in  tlie  0  ABC: 
it  is  required  to  jJrove  that  l  A  +  l  C  =  2  rt.  /-s. 

Find  F  the  centre  of  the  0  ABD,  IIL  1 

and  join  BF,  DF. 

*  The  second  part  of  this  proposition  is  not  given  by  Euclid,  and  be 
P^ves  the  first  part  by  joining  AC,  £D. 
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Then  l  BFD  =  twice  l  A,  III.  20 

and  the  reflex  L  BFD  =  twice  l  C;  III.  20 

.*.  the  sum  of  the  two  conjugate  L  s  BFD 

=  twice  i.  A  +  twice  L  C. 
But  the  sum  of  the  two  conjugate  l  s  BFD 

-  4  rt.   ^  s  ;  ///.  Def.  23 

■  .-.  L  A  +  L  C  =  2  vi.   L?,. 

(2)    Let    L^   A   and    C,    which   are   supplementary,    be 
opposite  angles  of  the  quadrilateral  ABCD, 
and  the  vertex  A  be  on  an  arc  BAD  which  passes  alsG 
through  B  and  D  : 

it  is  required  to  prove  that  the  vertex  C  will  be  on  the  con- 
jugate arc. 

If  not,  let  the  arc  conjugate  to  BAD  cut  BC  or  BC 
produced  at  G;  III.  1,  Cor.  ^ 

join  DG. 

Then  l  A  \&  supplementary  to  l  BGD.  IIJ.  22 

But         L  A\s,  supplementary  to  l  C ;  Hyp- 

L  BGD  =  L  C,  Avhich  is  impossible.  /.  IG 

Hence  G  must  be  on  the  circle  \Yhich  passes  through  B,  A,  D. 

Cor. — If  one  side  of  a  quadrilateral  inscribed  in  a  circle  be 
produced,  the  exterior  angle  is  equal  to  the  remote  interior 
angle  of  the  quadrilateral. 

For  each  is  supplementary  to  the  interior  adjacent  angle. 

/.  13,  ///,  22 

1.  If  a  II™  be  inscribed  in  a  circle,  it  must  be  a  rectangle. 

2.  If,  frona  a  point  E  outside  a  circle,  two  secants  EGA,  EBD  be 

drawn,  and  AD,  BC  be  joined,  A  AED  is  equiangular  to 

A  BEO. 
'i\.  If  a  polygon  of  an  even  number  of  sides  (a  hexagon,  for  example) 

be  inscribed  in  a  circle,  the  sum  of  its  alternate  angles  is  half 

the  sum  of  all  its  angles. 
4.  If  an  arc  be  divided  into  any  two  parts,  the  sum  of  the  angles  in 

the  two  segments  is  constant. 
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5.  Divide  a  circle  into  two  segments,  such  that  the  angle  in  the  one 

segment  shall  be  (a)  twice,  (b)  thrice,  (c)  five  times,  (d)  seven 
times  the  angle  in  the  other  segment. 

6.  ACB  is  a  right-angled  triangle,  right-angled  at  C,  and  0  is  the 

point  of  intersection  of  the  diagonals  of  the  square  described 
on  AB  outwardly  to  the  triangle ;  prove  that  CO  bisects 
z  ACB. 

7.  What  modification  must  be  made  on  the  last  theorem  when  the 

square  is  described  on  AB  inwardly  to  the  triangle  ? 

8.  If  two  chords  cut  off  one  pair  of  similar  segments  from  two  circles, 

the  other  pair  of  segments  they  cut  off  are  also  similar. 

9.  Given  three  points  on  the  O"*^  of  a  circle  :  find  any  number  ©f 

other  points  on  the  O™  without  knowing  the  centre. 
10.  ABC  is  a  triangle  ;  AX,  BY,  CZ  are  the  three  perpendiculars 
from  the  vertices  on  the  opposite  sides,  intersecting  at  O. 
Prove  the  following  sets  of  four  points  concyclic  (that  is, 
situated  on  the  0"=^  of  a  circle):  A,Z,0,  Y;  B,X,0,Z; 
C,Y,0,  X  ;  A,B,  X,  Y ;  B,  C,  Y,  Z ;  C,  A,Z,X. 


PEOPOSITION  23.     Theorem. 

On  the  same  chord  and  on  the  same  side  of  it  there  cannot  be 
two  similar  segments  of  circles  not  coinciding  loith  one 
another. 


If  it  be  possible,  on  the  same  chord  AB,  and  on  the  same 
side  of  it,  let  there  be  two  similar  segments  of  Os  ACB, 
ADB  not  coinciding  with  one  another. 

Draw  any  straight  line  ADC  cutting   the  arcs  of   the 
segments  at  D  and  C ; 
and  join  BC,  BD. 

Because  segment  ADB  is  similar  to  segment  ACB,     Hyp. 
.-.    L  ADB  =  L  ACB,  III.  Dfif  13 

which  is  impossible.  /.  16 
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Hence  two  similar  segments  on  the  same  chord  and  on 
the  same  side  of  it  must  coincide. 

L  Of  all  tlie  segments  of  circles  on  the  same  side  of  the   same 

chord,  that  which  is  the  greatest  contains  the  least  angle. 
2   Prove  by  this  proposition  the  second  part  of  IIL  21. 


PEOPOSITION  24.     Theorem. 

Similar  segments  of  circles  on  equal  chords  are  equal. 

E  F 


Let  AEB,  CFD  be  similar  segments  on  equal  chords  AB, 
CD: 
it  is  required  to  prcme  segment  AEB  =  segmerd  CFD. 

If  segment  AEB  be  applied  to  segment  CFD, 
so  that  A  falls  on  C,  and  so  that  AB  falls  on  CD ; 
then  B  wiU  coincide  with  D,  because  AB  =  CD.  Hy}:). 

Hence  the  segment  AEB  being  similar  to  the  segment  CFD, 
must  coincide  with  it ;  ///.  23 

.*.  segment  AEB  =  segment  CFD. 

1.  Similar  segments  of  circles  on  equal  chords  are  parts  of  equal 

circles. 

2.  ABC,  ABC  are  two  as 

such  that  AO  =  AC. 
Prove  that  the  circle 
which  passes  through 
A,  B,  C  is  equal  to 
the  circle  which  passes 
through  A,  B,  C. 

3.  If  ABCD  is  a  r,  and  BE  makes  with  AE[,  l  ABE  =  A  BAD, 

and  meets   DC  produced  in  E,  the  circles  described  about 
AS  BCD,  BED  will  be  equal. 
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PROPOSITION  25.     Problem. 
An  arc  of  a  circle  being  given,  to  complete  the  circle. 

B 


O 
F 

Let  ABC  be  the  given  arc  of  a  circle  : 

it  is  required  to  coviplete  the  circle. 

Take  any  point  B  in  the  arc,  and  join  AB,  BC. 
Bisect  AB  and  BC  at  D  and  E  ;  /.  10 

draw  DF  and  EF  respectively  JL  AB  and  BC,  /.  1 1 

and  let  them  meet  at  F. 

Because  DF  bisects  the  chord  AB  perpendicularly, 
.*.  Di^  passes  through  the  centre.  ///.  1,  Cor.  1 

Hence  also,  EF  passes  through  the  centre ; 
.  • .  i^  is  the  centre. 

Hence,  with  F  as  centre,  and  FA,  FB,  or  FC  as  radius,  the 

circle  may  be  completed. 

1.  Prove  that  DF  and  EF  must  meet. 

2.  Prove   the   proposition   with   Euclid's   construction,  which   is : 

Bisect  the  chord  AC  &i  D,  draw  DB  L  AG,  meeting  the  arc 
at  B,  and  join  AB.  At  A  make  z  BAE  =  i  ABD,  and 
let  AE  meet  BD  or  BD  produced  at  E.  E  shall  be  the 
centre. 

3.  Find  a  point  equidistant  from  three  given  points.     When  is  the 

problem  impossible? 

4.  The  straight  lines  bisecting  perpendicularly  the  three  sides  of  a 

triangle  are  concurrent. 

5.  Find  a  point  equidistant  from  four  given  points.     When  is  the 

problem  possible  ? 
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PEOPOSITION  26.     Theorem. 

In  equal  circles,  or  in  the  same  circle,  if  two  angles,  whether 
at  the  centre  or  at  the  circumference,  he  equal,  the  arcs 
on  lohich  they  stand  are  equal. 

A  D 


Let  ABC,  DEF  be  equal  circles,  and  let  ls  G  and  H  at 
the  centres  be  equal,  as  also  ls  A  and  D  at  the  O"' : 
it  is  required  to  prove  that  arc  BKC  =  arc  ELF. 

Join  BC,  EF. 

Because  Os  ABC,  DEF  are  equal,  Hij}). 

.'.  their  radii  are  equal.  ///.  Def.  1,  Cor.  4 

[    BG  =  EH 
In  As  BGC,  EHF,  \    GC  ^  HF 

i  L  G  =   lH;  Hyp. 

.-.  BC  =  EF.  I.  4 

But  because  l  A  =   l  D, 

.•.  segment  B AC  is  similar  to  segment  EDF ;  III.  Def.  13 
and  they  are  on  equal  chords  BG,  EF, 
.-.  segment  BAC  =  segment  EDF.  III.  24 

Now  O  ABC  =  O  DEF;  Hyp. 

.*.  remaining  segment  BKC  =  remaining  segment  ELF ; 
.-.arc  BKC  =  arc  ELF. 

Cor. — In  equal  circles,  or  in  the  same  circle,  those  sectors 
are  equal  which  have  equal  angles. 
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1.  If  AB  and  CD  be  two  parallel  chords  in  a  circle  ACDB,  prove 

arc  AC  =  arc  ED,  and  arc  AD  =^  arc  BC. 

2.  In  equal  circles,  or  in  the  same  circle,  if  two  angles,  whether  at 

the   centre   or   at   the    C  be   unequal,  that   which   is  the 
greater  stands  on  the  greater  arc. 

3.  If  two  opposite  angles  of  a  quadrilateral  inscribed  in  a  circle  be 

equal,  the  diagonal  which  does  not  join  their  vertioe*  is  a 
diameter  of  the  circle. 

4.  Any  segment  of  a  circle  containing  a  right  angle  is  a  semicircle. 

5.  Any  segment  of  a  circle  containing  an  acute  angle  is  greater 

than  a  semicircle,  and  one  containing  an  obtuse  angle  is  less 
than  a  semicircle. 

6.  If  two  angles  at  the  o  "^  of  a  circle  are  supplementary,  the  sum 

of  the  arcs  on  which  they  stand  =  the  whole  O  <*. 

7.  Prove  the  proposition  by  superposition. 

8.  If  two  chords  intersect  within  a  circle,  the  angle  they  contain  is 

equal  to  an  angle  at  the  centre  standing  on  half  the  sum  of 
the  intercepted  arcs. 

9.  If  two  chords  produced  intersect  without  a  circle,  the  angle  they 

contain  is  equal  to  an  ang?e  at  tlie  centre  standing  on  half  the 
difference  of  the  intercepted  arcs. 
10.  Skow  how  to  divide  the  o  ■='  of  a  circle  into  3,  4, 6, 8  equal  parts. 


PROPOSITION  27.     Theorem. 

In  equal  circles,  or  in  the  same  circle,  if  two  arcs  he  equal, 
the  angles,  whether  at  the  centre  or  at  the  circumference, 
which  stand  on  them  are  equal. 

D 
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Let  ABC,  DEFhe  equal  circles,  and  let  arc  BC  =  arc  EF: 
it  is  required  to  prove  that  l  BGC  -  l  EHF,  and  l.  A 
^  L  D. 

If  L  BGC  be  not  =  l  EHF,  one  of  them  must  be  the 
greater. 

Let  L  BGC  be  the  greater,  and  make  l  BGK  =   l  EHF. 

I.  23 

Because  the  circles  are  equal,  and  l  BGK  =  L  EHF, 
.-.  arc  BK  =  arc  EF.  III.  26 

But  arc  BC  =  arc  EF;  Hyp. 

.•.  arc  BK  =  arc  BC,  which  is  impossible. 
Hence  l  BGC  must  be  =    ^  EHF. 

Now,  since  ^  ^  =  half  of  l  BGC,  III.  20 

and  L  D  =  half  of  l  EHF,  III.  20 

..   L.  A=   L  D. 

Cor. — In  equal  circles,  or  in  the  same  circle,  those  sectors 
are  equal  which  have  equal  arcs. 

1.  li  AC  and  BD  be  two  equal  arcs  in  a  circle  A CDB,  prove  chord 

AB\\  chord  Oi). 

2.  In  equal  circles,  or  in  the  same  circle,  if  two  arcs  be  unequal, 

that  angle,  whether  at  the  centre  or  at  the  O  '^*,  is  the  greater 
which  stands  on  the  greater  arc. 

3.  The  angle  in  a  semicircle  is  a  right  angle. 

4.  The  angle  in  a  segment  greater  than  a  semicircle  ie  less  than 

a  right  angle,  and  the  angle  in  a  segment  less  than  a  semi- 
circle is  greater  tlian  a  right  angle. 

5.  If  the  sum  of  two  arcs  of  a  circle  be  equal  to  the  whole  O '®,  the 

angles  at  the  O  "^^  which  stand  on  them  are  supplementary. 

6.  Prove  the  proposition  by  superposition. 

7.  Two  circles  touch  each  other  internally,  and  a  chord  of  the 

greater  circle  is  a  tangent  to  the  less.  Prove  that  the  chord 
is  divided  at  its  point  of  contact  into  segments  which  subtend 
equal  angles  at  the  point  of  contact  of  the  circle*. 
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PROPOSITION  28.     Theorem. 
In  equal  circles,  or  in  the  same  circle,  if  two  chords  he  equal, 
the  arcs  they  cut  off  are  equal,  the  major  arc  equal  to 
the  major  arc,  and  the  minor  equal  to  the  minor. 
A  D 


G  H 

Let  ABO,  DEF  be  equal  circles,  and  let  chord  BC  = 
chord  EF: 

it  is  required  to  prove  that  major  arc  BA  C  =  major  arc 
EDF,  and  minor  arc  BGC  =  minor  arc  EHF. 

Find  K  and  L  the  centres  of  the  circles,  ///.  1 

and  join  BK,  KC,  EL,  LF. 

Becaiise  ©s  ABC,  DEF  are  equal, 
.".  their  radii  are  equal. 

(  BK  =  EL 
In  As  BKG,  ELF,  \  KC  =  LF 
i  BC  =  EF,' 
.'.  L  K  =  L  L; 
.-.arc  BGC  =  arc  EHF. 
But  O'*  ABC  =  O'"  DEF; 


Hup. 
III.  Def.  1,  Cor.  4 


Hyp, 

I.  8 

///.  26 

///.  Bef.  1,  Cor.  4 


.'.  remaining  arc  BAC^=  remaining  arc  EDF. 

1.  11  AC  and  BD  be  two  equal  chords  in  a  circle  A CDB,  prove 

chord  AB  ||  chord  CD. 

2.  Hence  devise  a  method  of  drawing  through  a  given  point  a 

straight  line  parallel  to  a  given  straight  line. 
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3.  If  two  equal  circles  cut  one  another,  any  straight  line  drawn 
through  one  of  the  points  of  intersection  will  meet  the  circles 
again  in  two  points  M^hich  are  equidistant  from  the  other 
point  of  intersection. 


PEOPOSITIOIs^  29.     Theorem. 

1)1  equal  circles,  or  in  the  same  circle,  if  two  arcs  be  equal, 
the  chords  ichich  cut  them  off  are  equal. 
A  D 


G  H 

Let  ABC,  DEF  be  equal  circles,  and  let  arc  BGC  =  arc 
EHF: 
it  is  required  to  prove  that  chord  BC  =  chord  EF. 

Find  K  and  L  the  centres  of  the  circles,  ///.  1 

and  join  BK,  KC,  EL,  LF. 

Because  the  circles  are  equal,  Hy^y. 

.'.  their  radii  are  equal.  ///.  Def.  1,  Cor.  4 

And  because  the  circles  are  equal,  and  arc  BGG  ~  arc  EHF, 

.-.  L  K  =   L  L.  in.  27 

(    BK  =  EL 

In  As  BKC,  ELF,  \    KC  =  LF 

i  L  K  =    L  L; 
.-.  BC  =  EF.  I  4 

1.  If  JC  and  BD  be  two  equal  arcs  in  a  civclc  J.CDB,  prove  chord 

AD  =  chord  BC. 
%  Prove  the  proposition  by  superposition. 
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PBOPOSITION  30.     Problem. 
To  bisect  a  given  arc. 


Let  ADB  be  the  given  arc  : 
it  is  required  to  bisect  it. 

Draw  the  chord  AB,  and  bisect  it  at  C;  /.  10 

from  C  draw  CD  A.  AB,  and  meeting  the  arc  at  D.      /.  1 1 
D  is  the  point  of  bisection. 
Join  AD,  BD. 

(  AC  =  BC  Const. 

In  As  ACD,  BCD,  j         CD  =  CD 

i  L  ACD  =   L  BCD; 
.'.  AD  =  BD.  I.  4 

But  in  the  same  circle  equal  chords  cut  off  equal  arcs,  the 
major  arc  being  =  the  major  arc,  and  the  minor  =  the 
minor; 

and  AD  and  BD  are  both  minor  arcs,  since  DC  if  produced 
would  be  a  diameter;  ///.  1,  Cor.  1 

.-.  arc  ^Z>  =  arc  BD.  III.  28 

1.  If  two  circles  cut  one  another,  the  straight  line  joining  their 

centres,  being  produced,  bisects  all  the  four  arcs. 

2.  A  diameter  of  a  circle  bisects  the  arcs  cut  off  by  all  the  chords 

to  which  it  is  perpendicular. 

3.  Bisect  the  arc  ADB  without  joining  AB. 

4.  Prove  A  DAB  greater  than  any  other  triangle  on  the  same  base 

J^B,  and  having  its  vertex  on  the  arc  ADB. 
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PEOPOSITION  31.     Theorem. 

An  angle  in  a  semicircle  is  a  right  angle ;  an  angle  in  a 
segment  greater  than  a  semicircle  is  less  than  a  rigid 
angle  ;  and  an  angle  in  a  segment  less  than  a  semicircle 
is  greater  than  a  right  angle. 

A. 


Let  ABO  be  a  circle,  of  which  E  is  the  centre  and  BC 
a  diameter;  and  let  any  chord  AG  ho,  drawn  dividing  the 
circle  into  the  segment  ABC  which  is  greater  than  a  semi- 
circle, and  the  segment  ADC  which  is  less  than  a  semi- 
circle : 
it  is  required  to  prove 

(1)  L  in  semicircle  BAC  =  art.  l\ 

(2)  L  in  segment  ABC  less  than  art.  l; 

(3)  L  in  segment  ADC  greater  than  art.  l. 

Join  AB  ; 
take  any  point  D  in  arc  ADC,  and  join  AD,  CD. 

(1)  Because  an  angle  at  the  O"*  of  a  circle  is  half  of  the 
angle  at  the  centre  which  stands  on  the  same  arc ;     ///.  20 

.-.   L  BAC  =  half  of  the  straight  l  BEC, 

=  half  of  two  rt.  l  s.  III.  Def.  21 

=  a  rt.  L  . 

(2)  Because  l  BAC  +  l  B  is  less  than  two  rt.  /.  s,  /.  17 
and  z.  BAC  =  a  rt.  l  ; 

.*.  ^  B  is  less  than  a  it.  z.. 
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(3)  Because  ABCD  is  a  quadrilateral  inscribed  in  the  circle, 
.-.  L  B  +   L  D  =  two  rt.  ^s.  ///.  22 

But  L  B  is  less  than  a  rt.  a  ; 
.•.    L  D  is  greater  than  a  rt.  l  . 

1.  Circles  described  on  the  eq\ial  sides  of  an  isosceles  triangle  as 

diameters  intersect  at  the  middle  point  of  the  base. 

2.  Circles  described  on  any  two  sides  of  a  triangle  as  diameters 

intersect  on  the  third  side  or  the  third  side  produced. 

3.  Use  the  first  part  of  the  proposition  to  solve  I.  11,  and  I.  12. 

4.  Solve  III.  1  by  means  of  a  set  square. 

5.  Solve  III.  17,  Case  3,  by  the  following  construction  :  Join  AE, 

and  on  it  as  diameter  describe  a  circle  cutting  the  given  circle 
at  B  and  C.  B  and  C  are  the  points  of  contact  of  the 
tangents  from  A. 

6.  If  one  circle  pass  through  the  centre  of  another,  the  angle  in  the 

exterior  segment  of  the  latter  circle  is  acute. 

7.  If  one  circle  be  described  on  the  radius  of  another  circle,  any 

chord  in  the  latter  drawn  from  the  point  in  which  the  circles 
meet  is  bisected  by  the  former. 

8.  If  two  circles  cut  one  another,  and  from  one  of  the  points  of 

intersection  two  diameters  be  drawn,  their  extremities  and 
the  other  point  of  intersection  will  be  in  one  straight  line. 

9.  Use  the  first  part  of  the  proposition  to  find  a  square  equal 

to  the  difference  of  two  given  squares. 

10.  The  middle  point  of  the  hjqwtenuse  of  a  right-angled  triangle  is 

equidistant  from  the  three  vertices. 

1 1.  State  and  prove  a  converse  of  the  preceding  deduction. 

12.  Two  circles   touch  externally  at  A  ;  B  and  C  are  points  of 

contact  of  a  common  tangent  to  the  two  circles.  Prove 
/.  B AC  right, 
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PEOPOSITION  32.     Theorem. 

If  a  straight  line,  he  a  tangent  to  a  circle,  and  from  the  point 
of  contact  a  chord  he  drawn,  the  angles  ivhich  the  chord 
makes  with  the  tangent  shall  be  equal  to  the  angles  in 
the  alternate  segments  of  the  circle. 

A 


E  B  F 

Let  ABC  be  a  circle,  EF  a  tangent  to  it  at  the  point  B, 
and  from  B  let  the  chord  BD  be  drawn  : 
it  is  required  to  prove  l  DBF  =  the  L  in  the  segment  BAD, 
and  L  DBF  =  the  l  in  the  segment  BCD. 

From  B  draw  BA  ±  EF ;  L  11 

take  any  point  C  in  the  arc  BD,  and  join  BG,  CD,  DA. 

Because  BA  is  drawn  _L  the  tangent  EF  from  the  point 
of  contact, 

.  • .  BA  passes  through  the  centre  of  the  circle ; 
.•.    L  ADB,  being  in  a  semicircle,  =  a  rt.  z.  ; 
.-.    L  BAD  +  L.  ABD  .3  a  rt.  l, 
=  L  ABF. 
From  these  equals  take  away  the  common  z.  ABD; 
.-.    L  BAD  =  L  DBF. 
Again,  because  ABCD  is  a  quadrilateral  in  a  circle, 

.\^  L  A  +  L   C  =2Tt.   LS.  III.  22 

But  L  DBF  +  L  DBF  =  2  rt.  ^  s ;  /.  13 

L  A  +  L  C  =  ^  DBF  +  L  DBE. 

N 


in.  19 

///.  31 
/.  32 
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Now  L  A  =  L  DBF; 
.-.     L  G  =  L  DBE. 


1.  The  chord  which  joins  the  points  of  contact  of  parallel  tangents 

to  a  circle  is  a  diameter. 

2.  It'  two  circles  touch  each  other  externally  or  internally,  any 

straight  line  passing  through  the  point  of  contact  cuts  ofif 
pairs  of  similar  segments. 

3.  If  two  circles  touch  each  other  externally  or  internally,  and  two 

straight  lines  be  drawn  through  the  point  of  contact,  the 
chords  joining  their  extremities  are  parallel. 

4.  If  two  tangents  be  drawn  to  a  circle  from  any  point,  the  angle 

contained  by  the  tangents  is  double  the  angle  contained  by 
the  chord  of  contact,  and  the  diameter  drawn  through  either 
point  of  contact. 

5.  Enunciate  and  prove  the  converse  of  the  propositionu 

6.  A  and  B  are  two  points  on  the  o "®  of  a  given  circle.     With  B 

as  centre  and  BA  as  radius  describe  a  circle  cutting  the 
given  circle  at  C  and  AB  produced  at  D.  Make  arc  DE  = 
arc  DC,  and  join  AE.     AE  is  a  tangenb  to  the  given  circle. 

7.  Show  that  this  proposition  is  a  particular  caae  either  of  IIL  21, 

or  of  IIL  22,  Cor. 


PEOPOSITION  33.     Problem. 

On  a  given  straight  line  to  describe  a  segment  of  a  circle 
which  shall  contain  an  angle  equal  to  a  given  angle. 
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Let  AB  be  the  given  straight  line,  l  C  the  given  angle  : 
it  is  required  to  describe  on  AB  a  segment  of  a  circle  tvhich 
shall  contain  an  angle  =  i.  C. 

At  A  make  /.  BAD  =  l  C.  I.  23 

From  A  draw  AE  ±  AD ;  /.  11 

bisect  AB  at  F,  /.  10 

and  draw  FG  ±  AB.  I.  11 

Join  BG. 

C         AF  =  BF  Const. 

In  As  AFG,  BFG,  ]         FG  =  FG 

i  L  AFG  =  L  BFG; 
.'.  AG  =  BG;  :.  4 

.*.  a  circle  described  with  centre  G  and  radius  AG  will 
pass  through  B. 
Let  this  circle  be  described,  and  let  it  be  AHB. 

The  segment  AHB  is  the  required  segment. 

Because  AD  is  _L  AE,  a  diameter  of  the  O  AHB, 
.'.  AD  is  a  tangent  to  the  circle.  ///.  16 

Because  AB  is  a  chord  of  the  circle  drawn  from  the 

point  of  contact  A, 
,'.  the  angle  in  the  segment  AHB  =  ^  BAD,  III.  32 

=  _  a 

1.  Show  that  the  point  G  could  he  found  equally  well  by  making 

at  B  an  angle  =  A.  BAE,  instead  of  bisecting  AB  pei-pendicu- 
larly. 
Construct  a  triangle,  having  given  : 

2.  The  base,  the  vertical  angle,  and  one  side. 

3.  The  base,  the  vertical  angle,  and  the  altitude. 

4.  The  base,  the  vertical  angle,  and  the  perpendicular  from  one 

end  of  the  base  on  the  opposite  side. 

5.  The  base,  the  vertical  angle,  and  the  sum  of  the  sides. 

6.  The  base,  the  vertical  angle,  and  the  difference  of  the  sides. 

[Several  other  methods  of  solving  this  proposition  will  be  found  iu 
T.  S.  Davies's  edition  (12th)  of  Button's  Course  of  Mathemat'tci, 
vol.  i.  pp.  389,  390.] 
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PROPOSITION  34.     Problem. 

From  a  given  circle  to  cut  off  a  segment  which  shall  contain 
an  angle  equal  to  a  given  angle. 

A 


E  P.  F 

Let  ABC  be  the  given  circle,  and  L  D  the  given  angle  : 
it  is  required  to  cut  off  from  O  ABC  a  segment  whicJi  shall 
contain  an  angle  =  lD. 

Take  any  point  B  on  the  0%  and  at  B  draw  the 
tangent  EF.  HI.  17 

At  B  make  l  FBC  =  l  D.  /.  23 

The  segment  BAC  is  the  required  segment. 

Because  EF  is  a  tangent  to  the  circle,  and  the  chord  BC 
is  drawn  from  the  point  of  contact  B, 
.-.  the  angle  in  the  segment  BAC  ^  ^  FBC,  III.  32 

=  ^  D. 

Through  a  given  point  either  within  or  without  a  given  circle, 
draw  a  straight  line  cutting  off  a  segment  containing  a  given 
angle.     Is  the  problem  always  possible  ? 


PROPOSITION  35.     Theorems. 
If  two  chords  of  a  circle  cut  07ie  another,  the  rectangle  con- 
tained by  the  segments  of  the  one  sliall  he  equal  to  the 
rectangle  contained  by  the  segments  of  the  other. 
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Conversely :  If  two  straight  lines  cut  one  another  so  that  the 
rectangle  contained  by  the  segments  of  the  one  is  equal 
to  the  rectangle  contained  by  the  segments  of  the  other, 
the  four  extremities  of  the  tivo  straight  lines  are 
concyclic* 

D 


0 

(1)  Let  AC,  BD  two  chords  of  the  circle  ABC  cut  one 
another  at  E  : 

it  is  required  to  prove  AE  •  EC  =  BE  ■  ED. 

Find  E  the  centre  of  the  O  ABC,  III.  1 

and  from  it  draw  FG  ±  AC,  and  EH  ±  BD.  I.  12 

Join  FB,  EC,  EE. 

Because  EG  drawn  from  the  centre  is  ±  AC, 
.'.  AC i%  bisected  at  G.  III.  3 

Because  .4Cis  divided  into  two  equal  segments  ^6-',  (76' 
and  also  internally  into  two  unequal  segments  AE,  EC, 
.-.     AE-EC  ^  GC-         -  GE%  115 

=  (FC^  -  FG-^)  -  (FE'~  -  FG^),  I.  47,  Cor. 
FC-2  -  FEK 

Similavly,  BE .  ED  =  FB^  -  FE^. 

But  FC^  =  FB^ ; 
.-.  EC^  -  FE^  =  FB^  -  FE-^  ; 
AE-EC  =  BE-ED. 

(2)  Let  the  two  straight  lines  AC,  BD  cut  one  another 
at  E,  so  that  AE-EC  =  BE-  ED : 

it  is  required  to  prove  the  four  points  A,  B,  C,  D  concyclic. 
*  The  second  part  of  this  proposition  is  not  given  by  Euclid. 
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p.  ■— -c 
Since  a  circle   can   always  be   described    through   thre« 
points  which  are  not  in  the  same  straight  line, 
let  a  circle  be  described  through  A,  B,  C.         III.  1,  C07:  2 
If  this  circle  do  not  pass  also  through  Z>,  let  it  cut  BD 
or  BD  produced  at  the  point  D'; 

cnen  AE-  EC  =  BE-  ED'.  III.  35 

But   AE  ■  EC  =  BE  ■  ED;  Hyp. 

.'.   BE-  ED'  =  BE-ED; 

ED  =  ED,  which  is  impossible; 
.*.  the  circle  which  passes  through  A,  B,  C  must  pass  also 
through  D. 

CoE. — If  two  chords  of  a  circle  when  produced  cut  one 
another,  the  rectangle  contained  by  the  segments  of  the 
one  shall  be  equal  "to  the  rectangle  contained  by  the  seg- 
ments of  the  other ;  and  conversely. 

A. 


Let  AC,  BD,  two  chords  of  the  O  ABC,  cut  one  another 
when  produced  at  E  : 
it  is  required  to  prove  AE  -  EC  =  BE  •  ED, 
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FiBd  F  the  centre  of  the  O  ABC,  III.  1 

and  from  it  draw  FG  A_  AC,  and  FH  ±  BD.  I.  12 

Join  FB,  FC,  FE. 

Because  FG  drawn  from  the  centre  is  X  AC, 
.-.  ^C  is  bisected  at  (7.  ///.  3 

Because  ^C  is  divided  into  two  equal  segments  AG,  GG, 
and  also  externally  into  two  unequal  segments  AE,  EC, 
,'.AE-EG=  GE'^         -  GC^;  JI.  6 

=  (FE^  -  FG-)  -  {FC^  -  FG%  I.  47,  Cor. 
FE'^  -  FCl 

Similarly,  BE  ■  ED  =  FE-^        -  FBK 

But  FC-^  =  FB^ ; 
...   FE-  -  EC'  =  FE'^  -  FB-; 
AE-EC  ^  BE -ED. 

The  converse  is  proved  in  exactly  the  same  way  as  the 
converse  of  the  proposition. 

Note. — It  was  proved  in  the  proposition  that 
AE  ■  EG  =  FC^  -  FE\ 

Now,  if  the   ©   ABC  and  the  point  E  be  fixed,  FG  and  FE  are 
constant  lengths,  and  .*.  FC-  -  FE'^  is  a  constant  magnitude. 
Hence  AE  •  EC  is  constant. 
But  ^  C  is  any  chord  through  E ; 

.'.  the  rectangles  contained  by  the  segments  of  all  the  chords  that 
can  be  drawn  through  E  are  coustant ; 

or,  in  other  words,  if  a  variable  chord  pass  through  a  fixed  point 
inside  a  circle,  the  rectangle  contained  by  the  segments  which  the 
point  makes  on  it  is  constant. 

This  constant  value  may  be  called  the  internal  potency  of  the  point 
with  respect  to  the  circle. 

It  was  proved  in  the  cor.  that  AE  ■  EG  =  FE"^  -  FC-. 
Hence,  as  before,  if  the  ©  ABC  and  the  point  E  be  fixed,  AE  •  EG 
is  constant ; 

that  is,  if  a  variable  chord  pass  through  a  fixed  point  outside  a 
circle,  the  rectangle  contained  by  the  segments  which  the  point 
makes  on  it  is  constant. 
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This  constant  value  may  be  called  the  external  potency  of  the 
point  with  respect  to  the  circle. 

When  the  point  is  situated  on  the  O  '^*  of  the  circle,  its  potency 
with  respect  to  the  circle  is  zero. 

[The  phrase  '  potency  of  a  point  with  respect  to  a  circle '  is  due 
to  Steiner.     See  Jacob  Steiner's  Gesammelte  Werke,  vol.  L  p.  22.] 

1.  If  two  circles  intersect,  and  through  any  point  in  their  common 

chord  two  other  chords  be  drawn,  one  in  each  circle,  their 
four  extremities  are  concj'clic. 

2.  ABC  is  a  triangle,  AX,  BY,  CZ  the  perpendiculars  from  its 

vertices  on  the  opposite  sides,  intersecting  at  0.  Prove 
AO    OX^  BOOY  =C0  ■  OZ. 

3.  ABC  ia  a  triangle,  right-angled  at  C ;  from  any  point  D  in  AB, 

or  AB  produced,  a  perpendicular  to  AB  is  drawn,  meeting 
^ C,  or  ^ C  produced,  in  ^.     Trove  AB  •  AD  =  AC  ■  AE. 

4.  ABC  is  any  triangle  ;  D  and  JE  are  two  points  on  ^^  and  AC, 

or  on  A  B  and -4  C  produced  either  through  the  vertex  or  below 
the  base,  such  that  i  ADE  =  L  ACB.  Prove  AB  ■  AD 
=  AG-AE. 

5.  Through  a  point  P  within  a  circle  a  chord  A  PB  is  drawn  such 

that  AP -PB  =  a  given  square.     Determine  the  square. 

6.  Prove  VI.  B,  and  VI.  C. 


PROPOSITION  36.     Theorem. 

If  from  a  point  icithout  a  circle  a  secant  and  a  tangent  h". 
dfrawn  to  the  circle,  the  rectangle  contained  hy  the 
secant  and  its  external  segment  shall  be  equal  to  the 
tquare  on  the  tangent. 
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Let  ABC  be  a  circle,  and  from  the  point  E  without  it 
let  there  be  drawn  a  secant  ECA  and  a  tangent  EB  : 
it  is  required  to  prove  AE  ■  EC  =  EB^. 

Find  F  the  centre  of  the  0  ABC,  III.  1 

and  from  it  draw  EG  ±  AC.  I.  12 

Join  FB,  EC,  FE. 

Because  FB  is  drawn  from  the  centre  of  the  circle  to  B, 
the  point  of  contact  of  the  tangent  EB, 
.-.  ^  ZB^  is  right.  III.  18 

Because  EG,  drawn  from  the  centre,  is  _L  AC, 
.\  AC\s  bisected  at  G.  III.  3 

Because  AC  i&  divided  into  two  equal  segments  AG,  GC, 
and  also  externally  into  two  unequal  segments  AE,  EC, 
.-.     AE-EC  =  GE'^         -  GC^,  II  6 

=  (FE-^  -  FG^)  -  {FC-^  -  FG%  I  47,  Cor. 
FE-^         -  FC\ 

FE-^         -         FB\ 
EBK  I  47,  Cor. 

I.  Prove  the  proposition  when  the  secant  passes  through  the  centre 
of  the  circle.     (Euclid  gives  this  particular  case.) 

I.  If  two  circles  intersect,  their  common  chord  ])roduced  bisects  their 
common  tangents. 

3.  If  two  circles  intersect,  the  tangents  drawn  to  them  from  any 

point  in  their  common  chord  produced  are  equal. 

4.  ABC  is  a  triangle,  AX,  BY,  CZ  the  perpendiculars  from  its 

vertices  on  the  opposite  sides.     ^ro\e  AC  •  AY  =  AB  ■  AZ, 

BC  ■  BX  =  BA  .  BZ,  CA  •CY=  CB  ■  CX. 
£.  From  a  given  point  as  centre  describe  a  circle  to  cut  a  given 

straight  line  in  two  points,  so  that  the  rectangle  contained 

by  their  distances  from  a  fixed  point  in  the  straight  line  may 

be  equal  to  a  given  square. 
6.  Show,  by  revolving  the  secant  EBD  (fig.  to  III.  35,  Cor.)  round 

£1,  that  this  proposition  is  a  particular  case  of  III.  35,  Cor. 
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PEOPOSITION  37.     Theorem. 

If  from  a  point  tcithout  a  circle  two  straight  lines  he  drmcn, 
one  of  which  cuts  the  circle,  and  the  other  meets  it, 
and  if  the  rectangle  contained  by  the  secant  and  its 
external  segment  be  equal  to  the  square  on  the  line 
which  meets  the  circle,  tliat  line  shall  he  a  tangent. 

G 


Let  ABC  be  a  circle,  and  from  the  point  E  without  it 
let  there  be  drawn  a  secant  EGA  and  a  straight  line  EB 
to  meet  the  circle ;  also,  let  AE  •  EC  =  EB^  : 
it  is  required  to  prove  that  EB  is  a  tangent  to  the  O  ABC. 

Draw  EG  touching  the  circle  at  G,  III.  17 

and  join  the  centre  F  to  B,  G,  and  E. 

Then  L  FGE  =  a  rt.  ^.  ///.  18 

Now,  since  EG  is  a  tangent,  and  EC  A  a  secant, 

EG^  =  AE.EC,  11136 

=  EB-^ ;  Hyp. 

EG  =  EB. 

LEB  =  EG 
In  As  EBF,  EGF,  \bF  =  GF 
(  EF  =  EF; 
.  .  L  EBF  =  L  EGF,  1.  8 

=  a  rt,  L  ; 
.  EB  isa  tangent  to  the  O  ABC.  III.  16 
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1.  Prove  the  proposition  indirectly  by  supposing  EB  to  meet  the 

circle  again  at  D. 

2.  Prove  the  proposition  indirectly  by  drawing  the  tangent  EG  on 

the  other  side  of  EF,  and  using  I.  7. 

3.  Describe  a  circle  to  pass  through  two  given  points,  and  touch  a 

given  straight  hne. 

4.  Describe  a  circle  to  pass  through  one  given  point,  and  touch  two 

given   straight   lines.      Show  that  to  this  and  the  previous* 
problem  there  are  in  general  two  solutions. 

5.  Describe  a  circle  to  touch  two  given  straight  lines  and  a  given 

circle.     Show  that  to  this  problem  there  are  in  general  four 

solutions. 
5.  Describe  a  circle  to  pass  through  two  given  points,  and  touch  a 

given  circle.     Show  that  to  this  problem  there  are  in  general 

two  solutions. 
7.  .45  is  a  straight  line,  C  and  D  two  points  on  the  same  side  of 

it ;  find  the  point  in  ^5  at  which  the  distance  CD  subtends 

the  greatest  angle. 

[The  third,  fourth,  fifth,  and  sixth  deductions,  along  with  IV.  4,  5, 
*re  cases  of  the  general  problem  of  the  Tangencies,  a  subject  on  which 
ApoUonins  of  Perga  (about  222  B.C.)  composed  a  treatise,  now  lost. 
This  problem  consists  in  describing  a  circle  to  pass  through  or  touch 
any  three  of  the  following  nine  data :  three  points,  three  straight, 
lines,  three  circles.  It  comprises  ten  cases,  which,  denoting  a  point 
by  P,  a  straight  line  by  L,  and  a  circle  by  C,  may  be  symbolised 
thus  :  PPP,  PPL,  PPC,  PLL,  PLC,  PCC,  LLL,  LLC,  LCC, 
CCC.  An  excellent  historical  account  of  the  solutions  given  to 
this  problem  in  its  various  cases  will  be  found  in  an  article 
by  T.  T.  Wilkinson,  'De  Tactionibus,'  in  the  Transactiovs  of 
the  Historic  Society  of  Lancashire  and  Cheshire  (1872).  To  the 
authorities  there  mentioned  should  be  added  Da^  Problem  des 
ApoUonius,  by  C.  Hell  wig  (1856) ;  Das  Problem  des  Pappus  vo»  den 
Berilhrungen,  by  W.  Berkhan  (1857);  'The  Tangencies  of  Cinles 
and  of  Spheres,'  by  Benjamin  Alvord,  published  in  1855  in  the 
8th  vol.  of  the  Smithsonian  Contributions,  and  'The  Intersecrtio*?  of 
Circles  and  the  Intersection  of  Spheres,'  by  the  same  author  ui  the 
American  Journal  of  Mathematics,  vol.  v.,  pp.  25-44.) 
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Radical  Axis. 
Def.  1. — The  locus  of  a  point  whose  potencies  (both  external  or 
both  internal)  with  respect  to  two  circles  are  equal,  is  called  the 
radical  axin*  of  the  two  circles. 


Proposition  1. 
The  radical  axis  of  two  circles  is  a  straight  line  perpendicular  to  tht 
line  of  centres  of  the  two  circles. 

C 


Let  A  and  B  be  the  centres  of  the  given  circles,  whose  radii  are 
a  and  b,  and  suppose  C  to  be  any  point  on  the  required  locus. 

Join  CA,  CB,  and  from  C  draw  CD  ±  AB  the  line  of  centres. 
Since  the  potency  of  C  with  respect  to  circle  A  =  AC-  -  a-,  DeJ, 
and  since  the  potency  of  C  with  respect  to  circle  B  =  BC-  -  b^  ;  Def, 

.-.AC^-a^       =BC^-b^; 

.-.  AC^  -  BC^  =    a^    -  62. 

But  since  the  circles  A  and  B  are  given,  their  radii  (a  and  b)  ar« 
constant ; 

.".  the  squares  on  the  radii  (a-  and  b-)  are  constant  ; 

.".  the  difference  of  the  squares  on  the  radii  (a-  -  b-)  is  constant; 

.'.  AC-  -  BC'^  is  constant. 
Hence  the  locus  of  C  is  a  straight  line  l.  AB-,  App.  II.  5 

*  This  name,  as  well  as  that  of  '  radical  centre,'  was  introduced  by 
L.  Gaultier  de  Tours.  See  Journal  de  VEcole  polytechnique,  16e  oahi«r, 
tome  ix.  (1813),  pp.  139, 143. 
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Cor.  1. — Tangents  drawn  to  the  two  circles  from  any  point  in 
their  radical  axis  are  equal. 

Cor.  2. — The  radical  axis  of  two  circles  bisects  tl  eir  common 
tangents.  Hence  may  be  derived  a  method  of  drawing  the  radical 
axis  of  two  circles. 

CoR.  3. — If  the  two  circles  are  exterior  to  each  othei  and  have  no 
common  point,  the  radical  axis  is  situated  outside  both  circles. 

Cor.  4. — If  the  two  circles  touch  each  other  either  externally  or 
internally,  their  radical  axis  consists  of  the  common  tangent  at  the 
point  of  contact. 

Cor.  5. — If  the  two  circles  intersect  each  other,  their  radical  axis 
consists  of  their  common  chord  produced. 

Cor.  6. — If  one  circle  is  inside  the  other  and  does  not  touch  it, 
their  radical  axis  is  situated  outside  both  circles. 

Cor.  7. — The  radical  axis  of  two  unequal  circles  is  nearer  to  the 
centre  of  the  small  circle  than  to  the  centre  of  the  large  one,  but 
nearer  to  the  o  "^  of  the  large  circle  than  to  the  O  ™  of  the  small 
one. 


Proposition  2. 
The  radical  axes  of  three  circles  taken  in  pairs  are  concurrent,* 


Let  A,B,  (7  be  three  circles,  whose  radii  are  a,  h,  c: 
it  is  required  to  prove  that  the  radical  axis  of  A  and  B,  that  of  B  and 
G,  and  that  of  C  and  A  all  meet  at  one  point. 

*  This  theorem,  in  one  of  its  cases,  is  attributed  to  Monge  (1746-1818), 
in  Poncelet's  Froprietes  Projectiles  des  Figures,  §  7L 
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Suppose  the  centres  of  the  three  circles  not  to  be  in  the  same 
straight  line. 

Then  DE,  the  radical  axis  of  B  and  C,  and  DF,  the  radical  axis  of 
C  and  A,  will  meet  at  some  point  D  ; 

for  they  are  respectively  X  BC  and  CA,  and  BC  and  CA  are  not  in 
the  same  straight  line. 

Since  2)  is  a  point  on  the  radical  axis  of  B  and  G; 

.-.  BD^-  -  62  =  CD^  -  c\ 
Since  Z)  is  a  point  on  the  radical  axis  of  C  and  A  ; 

.-.   CD^  -  c^  =  AD^  -  a?; 

.-.  AD"^  -  a?  =  BD"^  -  62; 

.*,  Z)  is  a  point  on  the  radical  axis  of  A  and  B, 
that  is,  the  radical  axis  of  A  and  B  passes  through  D. 

Def.  2. — The  point  of  concourse  of  the  radical  axes  of  three  circles 
taken  in  pairs,  is  called  the  radical  centre  of  the  three  circles. 

Cor.  1. — When  the  three  circles  all  cut  one  another,  the  radical 
centre  lies  either  within  or  without  all  the  three  .circles. 

Cor.  2. — When  the  centres  of  the  three  circles  are  in  one  straight 
line,  the  radical  axes  are  all  parallel,  and  the  radical  centre  therefore 
is  infinitely  distant. 

Cor.  3. — When  the  three  circles  all  touch  one  another  at  the 
•ame  point,  the  common  tangent  at  that  point  is  the  radical  axis 
of  all  three,  and  the  radical  centre  therefore  is  indeterminate — that 
is,  any  point  on  the  common  radical  axis  will  be  a  radical  centre. 

Cor.  4. — In  all  other  cases  the  radical  centre  is  outside  the  three 
C'll'iJs, 

CoE.  5. — If  from  the  radical  centre  tangents  be  drawn  to  tke 
thfee  circles,  their  points  of  contact  will  be  concyclic. 
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Cor.  6. — If  there  be  several  points  from  which  equal  tangents  can 
be  drawn  to  three  circles,  these  three  circles  must  have  the  same 
radical  axis,  and  the  several  points  must  be  situated  on  it. 

CoE.  7. — The  orthocentre  of  a  triangle  is  the  radical  centre  of  the 
circles  whose  diameters  are  the  sides  of  the  triangle,  and  also  the 
radical  centre  of  the  circles  whose  diameters  are  the  segments  of  the 
perpendiculars  between  the  orthocentre  and  the  vertices. 


Proposition  3. 
To  find  the  radical  axis  of  two  circles  which  have  no  common  point. 


Let  A  and  B  be  the  two  circles. 

Describe  any  third  circle  G  so  as  to  cut  the  circles  A  and  B. 
Draw  FH  the  common  chord  of  A  and  C,  and  EK  the  common 
enord  of  B  and  C,  and  let  them  meet  at  D. 
From  D  draw  DG  i.  AB. 

Then  FD  is  the  radical  axis  of  A  and  G,  and  ED  the  radical  axis 
of  B  and  G ;  App.  III.  1,  Gar.  5 

.•.  Z)  is  the  radical  centre  oi  A,  B,  and  G ;  App.  III.  2 

.'.  Z>  is  a  point  on  the  radical  axis  of  A  and  B ; 
.'.  DG  is  the  radical  axis  of  A  and  B.  App.  III.  1 

Cor.  1. — The  radical  axis  of  A  and  B  may  also  be  obtained  thus  ; 
After  finding  D,  draw  a  fourth  circle  to  intersect  A  and  B.  A 
second  pair  of  common  chords  will  thus  be  obtained  whose  intersec- 
tion will  determine  another  point  on  the  radical  axis  of  A  and  B, 
Join  D  with  this  other  point. 
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uoR,  9,  —The  radical  centre  of  three  circles  which  have  no  common 
point  may  be  found  by  describing  two  circles  each  of  which  shall  cut 
all  the  three  given  circles. 


DEDUCTIONS. 

1.  Find  a  point  inside  a  triangle  at  which  the  three  sides  shall 

subtend  equal  angles.     Is  this  always  possible  ? 

2.  Given  two  intersecting  circles,  to  draw,  through  one  of  the  points 

of  intersection,  a  straight  line  terminated  by  the  circles,  and 
such  that  (a)  the  sum,  (b)  the  difiference,  of  the  two  chords 
may  =  a  given  length. 

3.  Of  all  the  straight  lines  which  can  be  drawn  from  two  given 

points  to  meet  on  the  convex  O*^"  of  a  circle,  the  sum  of 
those  two  will  be  the  least,  which  make  equal  angles  with 
the  tangent  at  the  point  of  concourse. 

4.  With  th  3  extremities  of  the  diameter  uf  a  semicircle  as  centres, 

any  avo  other  semicircles  are  drawn  tcthirg  each  other 
exteri  ally,  and  a  straight  line  is  drawu  to  toLca  them  both. 
Prove  l.hat  this  straight  Kwe  will  also  touch  the  original 
semicircle. 

5.  Find  a  point  in  the  diameter  produced  of  a  given  circle,  such 

that  a  tangent  drawn  from  it  to  the  circle  shall  be  of  given 
length. 

6.  .45(7  is  a  triangle  having  z  BAC  acute;   prove  BC- less  than 

AB^  +  AC-  by  twice  the  square  on  the  tangent  drawn  from 
A  to  the  circle  of  which  BC  is  a  diameter. 

7.  ABC  is  a  triangle,  AX,  BY,  CZ,  the  perpendiculars  from  its 

vertices  on  the  opposite  sides.  Prove  that  tliese  perpendiculars 
bisect  the  angles  of  A  X  YZ,  and  that  A  s  ^  YZ,  XBZ,  X  YG, 
ABC  are  mutually  equiangular. 

8.  If  the  perpendiculars  of  a  triangle  be  produced  to  meet  the  circle 

circumscribed  about  the  triangle,  the  segments  of  these 
perpendiculars  between  the  orthocentre  and  the  0"=*  are 
bisected  by  the  sides  of  the  triangle. 

9.  If  0  be  the  orthocentre  of  A  ABC,  the  circles  circumscribed 

about  AS  ABC,  AOB,  BOC,  CO  A  are  equal. 
lO.  If  D,  E,  F  be  situated  respectively  on  BC,  CA,  AB,  the  sides 
of  A  ABC,  the   O™^  of  the  circles  circumscribed  about  the 
three    As  AEF,  BFD,  CDE  will  pass  through  the  same 
point. 
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11    n  on  the  three  sides  of  any  triangle  equilateral  triangles  be 

described  outwardly,  the  straight  lines  jo.ning  the  circum- 

scnbed  centres  of  these  triangles  will  form  an  equilateral 

triangle.  .    ,        ,         a 

Construct  a  triangle,  having  given  the  base,  the  vertical  angle,  and 

12.  The  perpendicular  from  the  vertex  to  the  base. 

.  13   The  median  to  the  base. 

14  The  projection  of  the  vertex  on  the  base. 

15  The  point  where  the  bisector  of  the  vertical  angle  meets  ihe  base. 
16.  The  sum  or  difference  of  the  other  sides. 

17  Construct  a  triangle,  having  given  its  orthocentric  triangle. 

18  Draw  aU  the  coi^on  tangents  to  two  circles.      Examine   the 

various  cases.      (One  pair  are  called  chrect,  the   other  pair 
transverse,  common  tangents.)  .       •    i    4-    *i,o 

19  Of  the  chords  drawn  from  any  point  on  the  O"  of  a  circle  to  the 

vertices  of  an  equilateral  triangle  inscribed  in  the  circle,  tne 
greatest  =  the  sum  of  the  othtr  two.  ,.     ,    , 

20  If  two  chords  in  a  ch-cle  intersect  each  other  perpendicu.ariv, 

■  the  sum  of  the  squares  on  their  four  segments  =  the  square 
on  the  diameter.  (This  is  the  Uth  of  the  Lernmas  ascribed 
to  Archimedes,  287-2 1 2  B.C.) 

21  A  quadrilateral  is  inscribed  in  a  circle,  and  its  sides  form  chords 

of  four  other  circles.     Prove  that  the  second  points  of  inter- 
section  of  these  four  circles  are  concyclic. 

22  If  four  circles  be  described,  either  all  inside  or  all  outside  of 

■  any  quadrilateral,  each  of  them  touching  three  of  the  sides  or 
the  sides  produced,  their  centres  will  be  concyclic. 

23  The  opposite  sides  of  a  quadrilateral  inscribed  in  a  circle  are 

produced  to  meet.  Prove  that  the  bisectors  of  the  two 
ant^les  thus  formed  are  J.  each  other. 

24  If  the  opposite  sides  of  a  quadrilateral  inscribed  m  a  circle  be 

produced  to  meet,  the  square  on  the  straight  line  joining  tlie 
points  of  concourse  =  the  sum  of  the  s-iuares  on  the  tw.. 
tangents  from  these  points.  (A  converse  of  this  is  ^ven  m 
Matthew  Stewart's  Propositiones  Geovw.trica,  1763,  i3ook  i., 

Prop.  39.)  .  r  ^        A 

^D    If  a  circle  be  circumscribed  about  a  triat^gle,  and  from  the  ends 

'^-        of    he  diameter  X  the  base,  perpend.culars  be  drawn  to    he 

other  two  sides,   these  perpendiculars  will  intercept  on  the 

sides  segments  ='half  the  sum  or  h..f  the  differenceof  the  sides. 
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26.  In  the  figure  to  the  preceding  deduction,  find  all  the  angles 

which  are  =  half  the  sum  or  half  the  difference  of  the  base 
angles  of  the  triangle. 

27.  If  from  any  point  in  the  0"=*  of  the  circle  circumscribed  about  a 

triangle,  perpendiculars  be  drawn  to  the  sides  of  the  triangle, 
the  feet  of  these  perpendiculars  are  collinear.  (This  theorem 
is  frequently  attributed  to  Robert  Simson,  1687-1768.  I 
have  not  been  able  to  find  it  in  his  works.) 

28.  If  from  any  point  in  the  O"^®  of  the  circle  circumscriljed  about  a 

triangle,  straight  lines  be  drawn,  making  with  the  sides,  in 
cyclical  order,  equal  angles,  the  feet  of  these  straight  lines 
are  collinear. 

29.  If  P  be  any  point  in  the  O"'  of  the  circle  circumscribed  about 

A  ABC,  X,  Y,  Z,  its  projections  on  the  sides  BC,  CA,  AB, 
the  circle  which  passes  through  the  centres  of  the  circles 
circumscribed  about  AS  AZY,  BXZ,  CYX  is  constant  in 
magnitude. 

30.  If  a  straight  line  cut  the  three  sides  of  a  triangle,  and  circles  be 

circumscribed  about  the  new  triangles  thus  formed,  these 
circles  will  all  pass  through  one  point ;  and  this  point  will  be 
concyclic  with  the  vertices  of  the  original  triangle.  (Steiner's 
Gesammelt'i  Werke,  vol.  i.  p.  223.) 

31.  If  any  number   of  circles   intersect   a   given    circle,  and   pass 

through  two  given  i)oints,  the  straight  lines  joining  the  inter- 
sections of  each  circle  with  the  given  one  will  all  meet  in  the 
same  point. 

32.  A  series  of  circles  touch  a  fixed  straight  line  at  a  fixed  point; 

show  that  the  tangents  at  the  points  where  they  cut  a  parallel 
fixed  straight  line  all  touch  a  fixed  circle. 

33.  A  BCD  is  a  quadrilateral  having  AB  =  AD,  and   L  C  =  L  h 

+  I.  D ;  prove  AG  =  AB  or  AD. 

34.  From  C  two  tangents  CD,  CE  are  drawn  to  a  semicircle  whose 

diameter  \^  AB  ;  the  chords  AE,  BD  intersect  at  F.  Prove 
that  CF  produced  is  1.  AB.  (This  is  the  12th  of  the  Lemmas 
ascribeil  to  Archimedes,  and  the  preceding  deduction  is 
assumed  in  the  proof  of  it.) 

35.  On  the  same  supposition,  prove  that  if   the  chords  AD,  BE 

intarsect  &t' F',  F  C  produced  is  i.  AB. 

36.  A  series  of  circles  intersect  each  other,  and  are  such  that  tha 

tangents  to  them  from  a  fixed  point  are  equal ;  prove  that  the 
{ommnn  chords  of  each  jiair  jtass  through  this  point. 
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37.  Find  a  point  in  the  0"=*  of  a  given  circle,  the  sum  of  whose 
distances  from  two  given  straight  lines  at  right  angles  to  each 
other,  which  do  not  cut  the  circle,  is  the  greatest,  or  the 
least  possible. 

3S.  From  a  given  point  in  the  0"=®  of  a  circle  draw  a  chord  which 
shall  be  bisected  by  a  given  chord  in  the  circle. 

39.  From  a  point  P  outside  a  circle  two  secants  PAB,  PDG  are 
drawn  to  the  circle  A  BCD;  AC,  BD  are  joined  and  intersect 
at  0.  Prove  that  0  lies  on  the  chord  of  contact  of  the 
tangents  drawn  from  P  to  the  circle.  (See  Poudra's  QHuvrefi 
de  Desargues,  tome  i.,  pp.  1S9-192,  273,  274.) 

<10.  Hence  devise  a  method  of  drawing  tangents  to  a  circle  from  aa 
external  point  by  means  of  a  rider  only. 

Loci. 

Find  the  locus  of  the  centres  of  the  circles  which  touch 

1.  A  given  straight  line  at  a  given  point. 

2.  A  given  circle  at  a  given  point. 

3.  A  given  straight  line,  and  have  a  given  radius. 

4.  A  given  circle,  and  have  a  given  radius. 

5.  Two  given  straight  lines. 

6.  Two  given  equal  circles. 

7.  A  series  of  parallel  chords  are  placed  in  a  circle  ;   find  the  loc'is 

of  their  middle  points. 

8.  A  series  of  equal  chords  are  placed  in  a  circle ;  find  the  locus  of 

their  middle  points. 

9.  A  series  of   right-angled  triangles  are  described  on  the  jame 

hypotenuse  ;  find  the  locus  of  the  vertices  of  the  right  angles. 
iO.  A  variable  chord  of  a  given  circle  passes  through  a  fixed  point ; 
find  tlie  locus  of  the  middle  point  of  the  chord.  Examine  the 
cases  when  the  fixed  point  is  inside  the  circle,  outside  the 
circle,  and  on  the  C^. 

11.  Find  the  locus  of  the  vertices  of  all  the  triangles  which  have  the 

same  base,  and  their  vertical  angles  equal  to  a  given  angle. 

12.  Of  the  A  ABC,  the  base  BC  is  given,  and  the  vertical  angle  A; 

find  the  locus  of  the  point  D,  such  that  BD  =  the  sum  of  the 
sides  5^,  AC. 

13.  Of  the  A  ABC,  the  bdse  BC  is  given,  and  the  vertical  angle  A  ; 

find  the  locus  of  the  point  Z>,  such  that  BD  =  the  difference 
of  the  aides  B A,  AC. 
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14.  AB  is  a,  fixed  chord  in  a  given  circle,  and  from  any  point  C  in 

tUe  arc  ACB,  a  perpendicular  CD  is  drawn  to  A  B.  With  C 
as  centre  and  CD  as  radius  a  circle  is  described,  and  from  A 
aud  B  tangents  are  drawn  to  this  circle  which  meet  at  P ; 
find  the  locus  of  P. 

15.  A  quadrilateral  inscribed  in  a  circle  has  one  side  fixed,  and  the 

opposite  side  constant  ;  find  the  locus  of  the  intersection  of 
the  other  two  sides,  and  of  the  intersection  of  the  diagonals. 

16.  Two  circles  touch  a  given  straight  line  at  two  given  points,  and 

also  touch  one  another ;  find  the  locus  of  their  point  of 
contact. 

17.  Find  the  locus  of  the  points  from  which  tangents  drawn  to  a 

given  circle  may  be  perpendicular  to  each  other. 

18.  Find  the  locus  of  the  points  from  which  tangents  drawn  to  a 

given  circle  may  contain  a  given  angle. 
IQ.  Find  the  locus  of  the  jwints  from  which  tangents  drawn  to  a 
given  circle  may  be  of  a  given  length. 

20.  From  any  point  on  the  O"*  of  a  given  circle,  secants  are  drawn 

such  that  the  rectangle  contained  by  each  secant  and  its 
exterior  segment  is  constant ;  find  the  locus  of  the  ends  of  the 
secants. 

21.  .4  is  a  given  point  and  BC  a  given  straight  line  ;  any  point  P 

is  taken  on  BC,  and  AP  is  joined.  Find  the  locus  of  a  point 
Q  taken  on  AP  such  that  AP  •  AQ  i^  constant. 

22.  The  hypotenuse  of  a  right-angled  triangle  is  given  ;  find  the  loci 

of  the  corners  of  the  squares  described  otitwardly  on  the  sides 
of  the  triangle. 

23.  A  variable  chord  of  a  given  circle  passes  through  a  fixed  point, 

and  tangents  to  the  circle  are  drawn  af  its  extremities;  prove 
that  the  locus  of  the  intersection  of  the  tangents  is  a  straight 
line.  (This  straight  line  is  called  the  polar  ui  the  given  fixed 
point,  and  the  given  fixed  poibt  is  called  the  pole,  with  refer- 
ence to  the  given  circle.  See  the  reference  to  Desargues  on 
p.  221.) 

24.  Examine  the  case  when  the  fixed  point  is  outside  the  ciicii. 
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